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Abstract 
Previous work on the bulk and suspension 
polymerisation of vinyl chloride monomer (VCM) has been 
reviewed, in particular that dealing with the development 
of the well known particle aggregate structure of the 
polymer. Since it has recently been claimed that the 
final polymer morphology in the VCM suspension 
polymerisation is largely controlled by the colloidal 
stability of the "primary" particles in the early stages 
of polymerisation, and that these particles attain their 
stability through a mechanism of electrostatic 
stabilisation, the major aim of the work described 
here was to measure the primary particle charge. It 
was then necessary to confirm whether this charge was 
sufficient to account for the actual stability behaviour 
of the primary particles found in practice. 
Apparatus capable of withstanding the pressure 
necessary to maintain the VCM in liquid form at 
temperatures up to 70 °C was developed for handling and 
Polymerising the monomer, and thick walled Mattson type 
cells were built to allow microelectrophoresis measurements 
on dilute primary particle dispersions in VCM to be made. 
Techniques for transferring dispersions in monomer from 
vessel to vessel were also developed. 
The existence of the "basic" particles, of which the 
primary particles are composed, was proved unequivocably 
by polymerising VCM photochemically to a very low conversion 
then extracting the dispersion produced into methanol and 
observing it with scanning electron microscopy. 
It was confirmed that true rnicroe1ectrophoresi 
could be observed on the primary particle dispersions 
in monomer, provided the electrophoresis cell was 
constructed from quartz. The primary particles produced 
from polymerisations in the absence of added particle 
stabilisers were always found to be negatively charged, 
a typical zeta potential being -80 my, corresponding to 
a charge of around 50 e. 
Theoretical calculations were completed to enable 
the primary particle stability behaviour corresponding 
to a number of different practical conditions to be 
predicted. it was found that adequate agreement between 
the theoretical and experimental results was only obtained 
if the normal two particle stability calculations were 
abandoned and replaced by more detailed calculations 
in which the particle concentration effect was included. 
A detailed mechanism accounting for the development 
of the particle structure within the polymer beads 
during suspension polymerisation was proposed, and ways 
in which this structure might be controlled in commercial 
polymerisations suggested. A number of suggestions for 
future work in this important area were also made. 
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1.1 General Introduction 
Polyvinyl chloride (PVC) is one of the most widely 
used plastics of the present day. It finds widespread 
application in, for example, emulsion paints, surface 
coatings, protective clothing, wire insulation and gramo-
phone records. Its popularity comes from the ease with 
which the raw polymer can be mixed with plasticisers and 
other formulation ingredients to produce a great variety 
of materials of widely differing properties. 
Due to the insolubility of PVC in vinyl chloride monomer 
(VCM), virtually all PVC is produced by precipitation poly-
merisation, in which polymer particles separate out from the 
monomer at a very early stage of the reaction. A colloidal 
dispersion of "primary" polymer particles is produced, and 
as polymerisation proceeds these particles grow and coagulate 
to give the final product in the form of a highly porous 
powder. The porosity of the final product is of critical 
importance since it controls the rate and equilibrium value 
of plasticiser uptake during processing of the raw PVC into 
a plastics material. Since the final porosity is controlled 
to a large extent by the coagulation mechanism of the primary 
particles, application of colloidal stability theory to these 
particles should suggest a means of controlling the porosity. 
The primary polymer particles typically have a diameter 
of 0.2 - 0.7 pm therefore they fall within the particle size 
range of 1 - 1000 nm which is taken as being typical of a 
colloidal system, in which a dispersed phase (the colloid 
particles) is suspended in a Continuous phase (the dispersion 
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medium). Colloidal particles are small enough not to sediment 
at an appreciable rate under gravity, and are in continual 
Brownian motion. Dispersions of solids in liquids may be 
lyophilic or lyophobic depending on whether or not there is 
a marked affinity between the particles and the dispersion 
medium. In lyophobic colloids there is a high interfacial 
free energy between the particles and dispersion medium, and 
this is of special importance in view of the high surface 
area/volume ratio of colloidal particles, resulting from their 
small size. This means that lyophobic dispersions can never 
be thermodynamically stable since any process, such as 
coagulation, which reduces their total interfacial area will 
always be energetically favoured. Therefore, in the absence 
of a repulsive force between the particles, every Brownian 
motion collision will lead to permanent adhesion of the two 
colliding particles and the dispersed particle number will 
decrease at a rate governed entirely by diffusion. 
Smoluchowskj 1  has considered this situation and shown that 
the rate of coagulation is second order in the dispersed 
particle number, and that the so-called "rapid rate" constant 
depends only on the temperature and the Viscosity of the 
dispersion medium. 
In practice it is found that many lyophobic colloids 
are stable for indefinite periods of time, clearly indicating 
the presence of some repulsive, stabilising force between the 
particles. Also, since colloidal particles are generally 
electrically charged, it IS reasonable to assign the oricin 
of the repulsive force to the chor;o on the 
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Derjaguin and Landau  and Verwey and Overbeek 3 have 
developed a theory for the stability of lyophobic colloids 
in which the total potential energy of interaction between 
two colloid particles is given by the sum of the potential 
energies of repulsion and attraction between the particles. 
The resulting DLVO theory has been successful in explaining 
the stability of a great number of dispersions both in 
aqueous and non-aqueous media, although it requires 
modification in certain instances, for example, when a certain 
amount of steric stabilisation due to adsorbed polymeric 
material on the particles is present, 4 or when the ionic 
concentration in the dispersion medium is very low and the 
interparticle repulsion is perhaps better represented by 
Coulonthic rather than double layer repulsion. 5 In this work 
DLVO theory is applied to the colloidal particles of PVC 
formed during precipitation polymerisation of VCM. 
The precipitation polymerisation of VCM can proceed by 
the bulk, suspension or emulsion technique, depending on the 
state of the VCM prior to commencement of polymerisation. In 
emulsion polymerisation the VCM is dispersed as very small 
droplets of about 1 i.im radius using an emulsifying agent, and 
polymerisation is initiated by a water soluble initiator. In 
suspension polymerisation the initial droplets are much larger 
and a monomer soluble initiator is used, as in bulk poly-
merisation. Bulk and suspension VCM polymerisation are 
mechanistically almost identical and this work is of 
relevance to them rather than emulsion polymerisation. 
-5- 
In suspension polymerisation the VCM is suspended in 
an aqueous medium in the form of large droplets of diameter 
100 1.m and the entire polymerisation takes place within the 
droplets, so that a suspension polymerisation can be regarded 
as a large number of isolated bulk polymerisations. Poly - 
merisation is initiated by thermal decomposition, at temperatures 
from roughly 20 to 70°C, of a VCM soluble initiator and, in 
each suspension droplet, at around 0.1% conversion a very high 
number of extremely small polymer particles of 10 - 20 nm 
diameter are formed. These "basic" particles are colloidally 
unstable and immediately coagulate to form a much smaller 
number of "primary" polymer particles of about 0.2 lim diameter, 
each containing around 1000 basic particles. The primary 
particles are initially colloidally stable and grow by further 
polymerisation until, at about 10% conversion they lose their 
stability and coagulate to form clusters containing either 13 
or 55 primary particles, depending on the polymerisation 
temperature. The remainder of the polymerisation occurs within 
the clusters, and the final product is a porous polymer bead 
of around 100 I.im diameter made up of aggregates of spherical 
particles. 
The porosity of the final polymer bead is of great 
technological significance, and is at present mainly controlled 
through empirical rules derived from practical experience. 
Although a complete understanding of the intervening poly-
merisation mechanism has not yet been obtained, it is believed 
that this porosity is very dependent on the size of the 
primary polymer particles at which they coagulate to form 
clusters. 6  In this work it is hoped that by considering 
the colloidal stability and coagulation mechanism of the 
primary particles in suspension polymerisation a means of 
controlling the size at which they coagulate, and hence of 
controlling the final porosity, can be suggested. The end 
result of the project would hopefully be an insight into 
the stability of concentrated dispersions in media of low 
dielectjc constant where the average interparticle separation 
is similar to the double layer thickness ,from which might 
result the possibility of more rational control of the 
industrial process. 
1.2 Previous work on VCM precipitation polymerisation 
Although suspension polymerisation is the more important 
industrially, most of the mechanistic studies on VCM poly-
merisation in the literature have dealt with bulk poly-
merisation. However, due to the great mechanistic similarity 
of the two reactions, 7  this imbalance is of little significance. 
Only relatively few papers of the extensive literature 
dealing with bulk or suspension VCM polymerisation 8 have been 
devoted to a discussion of the morphology of the nascent PVC 
during polymerisation, far more attention having been given to 
the kinetics of the polymerisation. 
PVC is insoluble in its monomer so that in bulk VCM poly-
merisation the system is heterogeneous virtually from the 
start because of the separation of PVC particles from the 
monomer, which rapidly becomes turbid due to the light 
scattered by these particles. As polymerisation proceeds 
the reaction mixture 
a paste and then, at 
dry powder. The rea 
of the remaining VCM 
the powder. 9 
changes from a non-viscous liquid to 
between 30 and 70% conversion, to a 
tion is completed by polymerisation 
within the polymer beads making up 
Prat 10 observed that the rate of VCM polymerisation 
increased over the first 40% of reaction, remained roughly 
constant from 40 - 60% then gradually decreased. He 
accounted for the initial acceleration by means of a 
theory proposed by Cutherbertson, Gee and RidealU  that 
the initiation reaction consisted of two consecutive steps, 
namely reaction between monomer and initiator to form an 
addition complex followed by breakdown of the complex with 
the formation of a growing chain. Acceleration lasted until 
the rate of breakdown of complex equalled the rate of its 
formation. 
Bengough and Norrish 12 deduced that the rate acceleration 
was due to a co-catalytic effect of the free radical initiator 
and precipitated polymer, since the rate of polymerisation 
increased with amount of added polymer but no acceleration 
was found if a solvent for the polymer was present. There was 
no reaction in the absence of a free radical initiator. The 
polymerisation rate was proportional to the amount of polymer 
present raised to the power of 2/3 suggesting that the 
catalytic effect occurred at the surface of the solid polymer. 
Their mechanism involved, in addition to normal propagation in 
the liquid phase, a transfer reaction of growing radicals with 
"dead" polymer to produce immobile radicals on the polymer 
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surface. These radicals were largely free from the normal 
mutual termination reaction which occurred in the liquid 
phase, and their concentration increased as the surface 
area of polymer increased, explaining the rate increase 
with conversion. Polymerisation of the immobile radicals 
was eventually terminated by chain transfer with monomer 
to produce mobile free radicals which were terminated in 
the normal way by radical combination. 
There are similarities in the bulk polymerisations of 
VCM and acrylonitrile in that in both two phases are formed 
from the start, and the overall kinetics are made very 
complex by physical parameters such as ease of diffusion 
of monomer to the site of polymerisation, and immobilisation 
of growing chains. Jenkins 13  accounted for the kinetics 
of bulk acrylonitrile polymerisation in terms of a radical 
occlusion theory in which growing radicals became surrounded 
by polymer. This reduced the rate of bimolecular termination 
much more than the rate of propagation so the net result 
was an acceleration in polymerisation rate. 
The complete occlusion theory is unlikely to apply to 
VCM polymerisation since chain transfer to monomer occurs 
much more readily for VCM than acrylonitrile, but a form of 
occlusion theory was suggested for VCN polymerisation by 
Breitenbach and Schindler.14 They proposed that growing 
radicals arose within monomer swollen polymer particles 
either by initiation in the particles or by entrance of 
chain radicals from the free monomer phase. These trapped 
radicals underwent propagation at the normal rate but had 
- 
a much reduced rate of termination, resulting in the rate 
increase with time. 
Mickley et al 15 investigated the applicability of 
the surface immobilisation and radical occlusion theories 
for VCM polymerisation. They found that the overall 
polymerisation rate was the sum of the rate in the liquid 
monomer phase and in the solid polymer phase, and that the 
rate in the solid phase was proportional to [P], the 
2/3 polymer concentration, at low conversions and to [P] 	at 
higher conversions. They explained their results in terms 
of the presence of a nearly constant number of aggregates 
of primary polymer particles, the aggregates growing in 
size with time by deposition of primary particles generated 
homogeneously in the liquid phase, and by polymerisation of 
radicals trapped within them either by incorporation of 
growing chains from the liquid phase or by chain transfer from 
the liquid phase. They also assumed that both radicals and 
monomer from the liquid phase could only penetrate a short 
distance into the particles. If aggregates were small enough 
that all primary particles within them had access to monomer 
or radical activity from the liquid phase a first-order 
dependence on polymer concentration resulted, as aggregates 
grew only their outer regions had this access and a 2/3 power 
dependence on polymer concentration was found. 
Talamini and co-workers 7 showed that the bulk and 
suspension polymerisations of VCM were kinetically equivalent, 
and proposed a kinetic scheme for bulk polymerisation in 
which polymerisation proceeded concurrently in two phases, 
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one monomer rich and one polymer rich. The Composition of 
each phase was constant between about 1 and 70% conversion 
but polymerisation was faster in the polymer rich phase, and 
the overall kinetics were accounted for by the increasing 
amount of the polymer rich phase and the decreasing amount of 
the monomer rich phase. Abdel-Alim and Hamielec 16 improved 
the model to allow for the decrease in volume of the system 
with increasing conversion, and for the consumption of 
initiator, and also made a prediction about the variation 
in the propagation and termination rate constants at 
conversions greater than that at which the free monomer 
phase disappeared. 
In deriving the most recent kinetic models for bulk 
VCM polymerisation 01aj 17 and Ugelstaa 18 also assumed the 
basic two phase model of Talamini, but made the important 
inclusion of allowing for the transport of radicals from 
one phase to the other. In the Olaj model radicals are 
formed by initiator breakdown in both phases, but growing 
radicals in the monomer phase soon precipitate as tightly 
coiled chains and are incorporated into already existing 
Polymer particles, whereas radicals formed in the polymer 
particles stay there till they are terminated. Thus all 
termination, and virtually all propagation, occurs 
within the particles. The increase in rate with increasing 
conversion arises from an increase in kinetic chain length 
due to a reduction in the rate of bimolecular termination as 
the volume of the polymer particles increases at constant 
rate of initiation. 
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The model of Olaj only applies beyond about 1% 
conversion, when the total number of polymer particles 
is constant, and is equivalent to that of Ugeistad for 
this region. However, Ugelstad's model also allows for 
mutual termination of monomer phase radicals, which is 
important at very low conversions, and can therefore 
successfully predict the polymerisation rate for lower 
conversions than the Olaj model. 
The kinetics applying at the very beginning of the 
polymerisation, when coagulation of several types of 
particle, which may or may not contain a growing chain, 
must be considered, have still not been fully evaluated. 
Nevertheless, the experimentally determined kinetic 
course of bulk VCM polymerisation, apart from the very 
early stages, is successfully accounted for by the models 
of Ugeistad and Olaj. 
Mickley, Michaels and Moore 15 were among the first 
to consider changes in polymer morphology as bulk VCM 
polymerisation proceeded. They suggested that initially 
soluble, growing polymer chains eventually reached a 
critical size at which they became insoluble in the VCM 
and precipitated as primary polymer particles. These 
particles rapidly coagulated to form aggregates which, 
because of the greater collision frequency between particles 
of widely differing size than between identical particles, 19 
then scavenged primary particles as they were formed. The 
net result was therefore a nearly constant number of 
aggregates growing with time by deposition of primary particles. 
- 12 - 
Cotman, Gonzalez and Claver 2° used a combination of 
dilatometry and electron microscopy to study bulk VCN 
polymerisation. At conversions less then 1% they found a 
large reduction in particle number which coincided with a 
discontinuity in the rate of polymerisation. Thereafter the 
particle number was roughly constant up to a conversion of 
30%, beyond which a considerable number of non-dispersable 
fused particle clusters was found. It was shown that when 
growing polymer chains contained between 25 and 32 monomer 
units they lost their solubility in monomer and precipitated 
as small particles. The mechanism suggested, in agreement 
with Mickley et al, was that the small particles coagulated 
to form clusters at conversions less than 1%, and that the 
aggregates then grew either by deposition of polymer or by 
polymerisation of free radicals stuck to the surface of the 
particles. 
A similar mechanism, and mathematical model, for bulk 
VCM polymerisation was recently suggested by Ray, Jain and 
Salovey, 9  in which large aggregates of 0.25 - 0.5 im 
diameter were formed by precipitation of growing polymer 
chains. These large aggregates then served as collection 
points for single polymer chains, growing polymer chains 
and smaller aggregates, and rapidly grew to the 1 urn size 
range. It was assumed that there was no growth by poly-
merisation within the particles. The final polymer beads 
of 50 - 150 urn diameter were formed by coalescence of the 
1 urn particles. As long as free monomer was present 
particles were formed by precipitation and removed by 
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coagulation, after the disappearance of the free monomer 
phase polymerisation continued within the pores of the poly-
mer beads. It was shown by mercury porosimetry and internal 
surface area measurements that in the final polymer beads the 
smallest pores were the interstices between the 1pm primary 
particles, the primary particles themselves were nonporous. 
Bort and his co-workers 21 have made a detailed study 
of the effect of the polymerisation kinetics on the 
number and structure of PVC particles during bulk polymerisation. 
Two types of particle were distinguished - the microglobule 
and the macroglobule - and, using a combination of dilatometry 
and electron microscopy, it was shown that the number of 
macroglobules was constant over a wide range of conversion. 
Macroglobules were formed by the aggregation of microglobules, 
and it was found that as the polymerisation rate was increased, 
either by raising the temperature or increasing the initiator 
concentration, the number of macroglobules increased then 
reached a constant value and the number of microglobules 
per macroglobule decreased accordingly, reaching the value of 
one at the point where the macroglobule number became constant. 
Bort proposed a mechanism in which, in the very early 
stages of polymerisation, macromolecules accumulated in the 
monomer medium, and on reaching a critical concentration 
separated from the monomer in the form of polymer particles. 
These particles were the microglobules and as polymerisation 
proceeded they grew by accretion of polymer from the monomer 
phase, or by polymerisation of the monomer swelling them, 
and collided and coagulated with each other. It was 
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assumed that once polymer particles grew larger than a 
critical size they became colloidally stable against 
coagulation. At high polymerisation rates the Inicroglobules 
attained the critical size before undergoing collision, so 
no aggregation occurred and the macroglobules consisted of 
single microglobules. Conversely, at low rates of poly- 
merisation, many collisions between microglobules occurred 
before the resulting aggregates reached the critical size 
for stability, and the rnacroglobules therefore consisted of 
many microglobules. Assuming the initial number of 
microglobules formed to be independent of polymerisation 
rate, the same number of microglobules was distributed over 
a different number of macroglobules depending on the poly-
merisation rate, and the final polymer morphology was 
determined entirely by the rate of polymerisation. 
The phenomenon of aggregation of PVC molecules in 
dilute polymer Solutions had been apparent since the 
early work of Doty, Wagner and Singer, 22 who observed the 
association of PVC molecules in dioxane by use of osmotic 
pressure, light scattering and ultracentrifugal measurements, 
and Abdel-Alirn and Hamielec 23 recently developed a technique 
using gel permeation chromatography to investigate this 
behaviour. They found that even in a good solvent for the 
polymer, such as tetrahydrofuran (THF), the polymer was not 
completely separated into single molecules, but contained 
a number of spherical aggregates of diameter 0.25 - 0.5 pm. 
The aggregates could be dissociated into single molecules by 
heating in THF for extended periods, and it was found that 
as the polymerisation temperature was decreased the 
stability of the aggregates increased Since more extensive 
heating was required to reduce them to single molecules. 
The extent of aggregation was found to be related to the 
degree of syndiotacticity of the PVC, longer syndiotactjc 
sequences favouring the formation of aggregates. This result 
is of considerable relevance to the very early stages of VCM 
Polymerisation, since the first particles of the solid 
Polymer phase are formed by the aggregation and precipitation 
of growing polymer chains. 
Fitch 24 has presented a detailed analysis of the problem 
of particle formation in polymer colloids, when a solvent for 
the monomer but not for the polymer is present. His results 
relate directly to particle formation in VCM precipitation 
Polymerisation. In the earliest stages of the Polymerisation 
soluble oligomeric radicals exist in solution and grow to 
some critical chain length at which they so far exceed their 
limit of solubility that they precipitate out by 
collapsing upon themselves to form primary particles. 
Oligomeric radicals formed subsequently can either grow to 
the critical size and precipitate out as new primary particles, 
or be captured by existing particles. As the particle 
number increases the Probability of capture increases till 
no new particles are formed. If, as in the case in VCM 
Polymerisation, the primary particles are unstable three 
competitive processes, whose rates are R., radical generation, 
R , radical capture by existing particles and Rfl particle 
coagulation, govern the final number of particles formed. 
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The rate of particle formation is given by dN/dt = Rj_Rc_Rf. 
Since coagulation occurs till a surface potential large 
enough to impart stability is attained, the number of 
particles finally formed is determined primarily by Rf . 
Dunn and Chong 25 tested the Fitch model experimentally 
for polymerisation of aqueous solutions of vinyl acetate. 
They found that the initial particles produced were unstable 
and coagulated rapidly, forming aggregates which subsequently 
were stable with respect to each other, but continued to 
coagulate with the very small particles which were produced 
continuously throughout the polymerisation. The coagulation 
behaviour of the particles was accounted for successfully by 
DLVO theory, and the rate of coagulation depended primarily 
on the particle stability rather than the rate of polymerisation. 
In the radiation initiated bulk Polymerisation of pure 
VCM Carenza et al 26 found that the primary particles, formed 
by precipitation of macromolecules of PVC, simultaneously 
coagulated and grew by accretion of polymer from the monomer 
phase. As a result, agglomerates were formed at low 
conversions. At polymerisation temperatures of 20 0C or less 
coagulation was limited and ceased when the agglomerates 
were still small enough to stay in homogeneous dispersion, 
the agglomerates then remaining constant in number and 
increasing linearly in size with conversion. At temperatures 
greater than 20°c coagulation was much more extensive and 
persisted till much larger agglomerates, which sedimented to 
the bottom of the container, were formed. When the poly-
merisation was conducted in the presence of 4% W/W methanol 
the extent of coagulation was greatly reduced and, even at 
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70°c, a homogeneous dispersion was found up to 10% conversion. 
The agglomerate morphology was dependent on the poly-
merisation temperature and the amount of methanol present. 
At 70°c, in the presence of methanol, the agglomerates were 
smooth with no visible inner structure, at 50 0c they were 
sometimes smooth but were usually found to have a pronounced 
inner microglobular structure. As an example, in a poly-
merisation at 50°C in the presence of 2% W/W methanol the 
agglomerates had a composite, microglobular structure, and 
there were 7 x 1010 agglomerates per gram of VCM. With 3% 
W/W methanol 4 x 1011 spherical, smooth agglomerates per gram 
Of VCM were found. The agglomerates of composite structure 
were larger than the smooth agglomerates. 
Following the model of Fitch, it was proposed that 
coagulation persisted till the particles produced reached 
a critical size at which they were stable, if this size 
was small enough a homogeneous dispersion was produced. 
On increasing the methanol concentration this critical 
size was reduced, so that in the polymerisation at 50 0C 
mentioned above the larger methanol concentration caused 
coagulation to stop earlier in the polymerisation, resulting 
in more agglomerates each containing fewer microglobules 
and consequently smaller. The difference in morphology 
was explained by postulating a critical agglomerate size 
below which complete coalescence of the inner microglobules 
was possible, but above which only partial coalescence could 
occur. In the polymerisation with the higher methanol 
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concentration the macroglobules were small and below this 
critical size so complete coalescence occurred to give the 
smooth structure, at the lower methanol concentration Only 
partial coalescence of the larger macroglobules was possible. 
The critical size below which complete coalescence was possible 
was assumed to increase with increasing polymerisation 
temperature due to the greater softening of the polymer, 
and at 70°c the macroglobules formed were always below the 
critical size so the smooth structure was always obtained. 
No detailed mechanism for the stabilising action of the 
methanol was proposed, but it was suggested to be related to 
the localisation of the methanol at the interface between the 
polymer particles and monomer. Water was found to have no 
stabilising effect. 
Several authors 27-31 have obtained information on the 
inner structure of bulk or suspension PVC resin particles from 
the behaviour of the polymer during processing. Hattori, 
Tanaka and Matsuo, 27  by embedding polymer samples in methyl 
methacrylate then taking ultrathin sections for electron 
microscopy, found that PVC resin granules of 100 pm diameter 
were composed of particles of roughly 1 l.lm diameter, and 
that the molecular packing of polymer between the 1 pm  
particles was looser than within the particles. When PVC 
resins were subjected to powder extrusion at varying melt 
temperatures and the extrudates studied by electron microscopy, 
it was found that at 160 or 170 0c the 1 pm particles were 
still intact, but at 190°C they broke down to fine threads 
of somewhat less than 30 rim thickness. In extrusion the 
resin is subjected to both heat and shear, it was found 
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that heat alone could also reduce the resin to the 30 nm 
fibrillar structure. 
On the basis of the above evidence it was deduced that 
the 1 pm particles making up the 100 pm resin particles 
were themselves built up from a tight network of 30 nm 
fibrils. Processing of a PVC resin therefore involved 
breaking the original granule down to the 1 pin particles 
then to the fibrils. 
Faulkner 28 determined the temperature - torque profile 
of PVC resins in a Brabender Plasticorder mixing chamber 
and found three characteristic peaks in the torque - temperature 
trace which he assigned to breakdown of the original 100 pm 
particles, the 1 pm particles and the basic units of 10 nm 
diameter. Electron microscopy showed that the basic units 
were never completely broken down to individual molecules 
before the temperature became high enough to cause polymer 
degradation, and it was postulated that the strength of 
the basic units was molecular weight dependent, and that 
the molecular aggregates found in certain solvents, as in 
the work of Abdel-Alim and Hami.tec, 23 were swollen basic 
units. 
By using ion etching followed by electron microscopy 
to characterise the PVC structure, Geil and his co-workers 29 
found a particle structure in the 1pm size range for a 
molded, unplasticjsed suspension resin. After annealing 
at 105 0c for 112 hours, structures in the size range 25 - 50 nm 
were found, again indicating breakdown of the 1 pin particles. 
Berens and Folt 3°  investigated the relationship between 
- 
PVC particle morphology and melt flow behaviour. The 
basic flow units of a suspension PVC extruded at 180 0c were 
particles of 0.5 - 1.5 pm, 	diameter, but some polymer 
bridging between the primary particles persisted. This bridg-
ing accounted for the higher viscosity of suspension PVC melts 
in comparison to emulsion melts, where no such bridging was 
found. When the melts were pressed, milled or extruded at 
temperatures over 200°c loss of particle identity occurred, 
but higher PVC molecular weights resulted in greater 
resistance to the loss of particle identity. It was 
suggested that if the resin was processed under conditions 
mild enough to preserve its inner particulate structure, 
substantial increases in the melt flow rate, and simultaneous 
reductions in the problems of extrudate swelling and 
distortion, could be achieved. 
Chartoff 31  emphasised the heterogeneous granule 
morphology often found within commercial suspension PVC 
resins, where granules might differ in size, shape, surface 
characteristics and porosity. He suggested that this 
heterogeneity could lead to incomplete breakdown of the 
primary 1 urn particles during processing, and thus result 
in anomalous flow effects during extrusion, such as the flow 
by particle slippage under mild extrusion conditions reported 
by Berens and Folt. 3° 
Behrens and co-workers 32 found that the final grain in 
bulk or suspension VCM polymerisation was built up from 
aggregation of smaller, spherical particles, and that the 
smallest such particles resolvable by electron microscopy had 
- 21 - 
a diameter of 10 nm. These 10 nm particles were called 
primary grains and were assumed to be the basic elements 
of the PVC structure. From polymer molecule dimensions, 
Behrens calculated that each primary grain was an aggregate 
of about 6 PVC molecules, although the exact form of aggregation 
of the molecules within the primary grain was unknown. 
Small angle X-ray measurements showed that the size of 
the primary grains, i.e. the smallest particles present, 
increased with increasing conversion, and at any given 
conversion increased with greater agitation, higher poly-
merisation temperature and higher initiator concentration. 
The early stages of bulk VCM polymerisation were followed 
by Boissel and Fischer 33 using a turbidimetric procedure 
and electron microscopy. They found that a constant number 
of particles was present up to a critical conversion, at 
which agglomeration of the existing particles, diameter 
0.2 - 1.0 pm , occurred to form grains of 20 - 30 urn 
diameter. The value of the critical conversion decreased 
as the speed of agitation was increased. A polymerisation 
mechanism was proposed in which PVC macromolecules grouped 
together in packs of 5 - 10 to form particles of 10 rim 
diameter which then grew uniformly by polymerisation till 
the critical conversion was reached, at which stage they 
agglomerated to form the final 20 - 30 Urn grain. 
The mechanism of Boissel and Fischer differs from 
3526 20, 	, that of other authors 15, 	 in that it is generally 
felt that the 10 nm particles aggregate almost immediately 
to form particles of about 0.1 urn diameter. These particles 
then grow individually and uniformly before coagulating at 
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a critical conversion, as suggested by Boissel and Fischer. 
No evidence for their mechanism, as opposed to the usual 
one, is presented by Boissel and Fischer, and it seeiis 
likely that the conflict is due to their proceedure failing 
to detect the initial aggregation of the 10 rim particles. 
Recently Geil 
34 concluded that the direct evidence for 
the existence of 10 rim particles within the 0.1 - 1 pm 
primary PVC particles was still very sparse, but was hopeful 
that new applications of such techniques as dark-field 
microscopy and transmission electron microscopy would 
prove fruitful in this area. 
Barclay 
35  investigated the formation and structure of 
the PVC particles in bulk and suspension polymerisation. He 
found that, in both types of polymerisation, nascent particles 
of around 10 rim diameter, made up of a few polymer molecules, 
precipitated almost immediately from the monomer and 
aggregated to form microgranules of up to 0.1 um diameter. 
The microgranules themselves coagulated at less than 1% 
conversion, growth then continuing in the aggregates to 
give the final PVC bead. 
In commercial bulk PVC polymerisation a two-stage process 
is used. In the first stage, monomer is polymerised to 
5 - 10% conversion at fairly high agitation speed to produce 
a seed slurry which, in the second stage, is polymerised to 
high conversion in an autoclave. Barclay found that the 
number of aggregates, each of which grew to produce a final 
bead, was constant beyond 1% conversion, and that the number 
of aggregates was linearly dependent on the agitation speed. 
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Growth and limited fusion of the microgranules within the 
aggregates occurred as Polymerisation proceeded, but the 
number and size of the final beads was largely determined 
by the first few percent conversion in the first stage 
reactor. 
In suspension Polymerisation the final PVC beads are 
always covered with a skin, and Barclay concluded that this 
was formed early in the polymerisation by precipitation and 
grafting of polymer molecules with dispersant at the VCM/ 
aqueous phase interface. In contrast, Eliassaf 36 felt that 
the skin was formed by grafting of monomer Onto the dispersant, 
this transforming the dispersant into a rigid layer of 
about 10 mn thickness. 
Barclay found two types of internal pore in the final 
suspension bead - interstitial space between microgranules 
or groups of microgranules, and skin lined voids. When the 
final bead was formed from a single monomer droplet, large 
voids resulted from a combination of the distortion of the 
droplet in the shear field due to the agitation, and rapid 
contractions in the droplet during polymerisation. In the 
presence of insufficient dispersant for the given conditions 
of agitation and surface tension, aggregation of monomer 
droplets during polymerisation was possible, and resulted in 
the formation of polymer beads containing a number of small 
voids between the aggregated droplets. it was concluded that 
the size, shape and internal structure of the final suspension 
bead was determined mainly by the agitation conditions, the 
stabilising power of the dispersant and the interfacial tension 
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at the VCM/aqueous phase boundary. Less porous particles 
were found as the interfacial tension was increased, due 
to the higher contractive forces acting on the monomer 
droplets. Eliassaf 36  found that the larger the degree of 
dispersion of the monomer in the aqueous phase, and the 
smaller the initial droplets, the larger was the porosity 
and plasticiser absorption capacity of the resulting resin. 
Allsopp 37 investigated the development of polymer 
structure in the later stages of conventional VCM suspension 
polymerisation by comparing the effect of injecting 
additional VCM just before or just after the point of pressure 
drop, at around 70% conversion in the normal polymerisation. 
He was able to relate the decreasing polymerisation rate 
after pressure drop in the conventional polymerisation to 
monomer starvation, and postulated that, in the polymer phase, 
polymerisation occurred only in the surface or immediate 
subsurface regions of the PVC particles. The centre regions 
of the particles acted merely as a monomer reservoir. 
The detremental loss of overall porosity, which always 
occurs in post-pressure drop polymerisation, was assigned to 
an increased level of polymerisation in the smaller pores, 
cementing the particles together. This was caused by initiator 
precipitating predominantly onto the polymer surface in the 
small pores, as pressure drop was passed, since these are the 
last region in which liquid monomer persists. Some evidence 
that polymer produced by initiator adsorbed to the particle 
surface was morphologically different to that produced by 
initiator still dissolved in the free monomer phase, was 
found. 
Zichy 6 used a spinning drop cell, in which a 
polymerising drop of VCM was inertially suspended in an 
aqueous medium, to study the morphology of the nascent 
polymer particles during suspension polymerisation. Two 
polymerisations, in one of which the monomer contained an 
added colloid stabiliser for the primary particles, were 
taken to 28% conversion and the resulting droplets examined 
by electron microscopy. In the presence of stabiliser the 
polymer formed consisted of individual, spherical particles 
of 0.8j.xm diameter, the polymer formed in the absence of 
stabiliser consisted of agglomerates of spherical particles 
onto which further polymer growth had occurred. 
A mechanism of particle formation, similar to that of 
Fitch, 24 was proposed in which growing oligomeric radicals 
reached a critical size and precipitated as polymer particles. 
Oligomeric radicals formed after the first nucleation of 
particles could either grow to the critical size and 
precipitate as new particles, or be captured by already 
existing particles. Eventually the particle number became 
high enough that all oligomeric radicals were captured. 
Particle growth after formation occurred both by poly-
merisation on or within individual particles, and by 
coagulation of particles with each other. An analysis of 
particle size as a function of conversion showed that, even 
in the absence of added particle stabiliser, some repulsive, 
stabilising force was present to prevent coagulation, since 
particles were much smaller than would have been the case 
if growth was predominantly by coagulation. 
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The stabilising agent was assumed to act on the surface 
of the particles, and to be more effective the higher its 
surface concentration. If only a limited total amount was 
present its efficiency would decrease with increasing total 
particle surface area. Initially stable particles therefore 
grew without coagulation till the surface concentration of 
stabiliser became too small to impart stability, at which 
stage coagulation occurred with the stabiliser being 
redistributed over the surface of the aggregates. This gave 
a stabiliser concentration high enough to stabilise the 
aggregates which then grew till they lost their stability, 
and the process was repeated. 
In practice, a 13 particle aggregate comprising a 
central particle surrounded by 12 touching neighbours is a 
more stable arrangement than any smaller cluster. Such a 
cluster was found, by examination of the micrograph of the 
polymer produced without stabiliser, to be the building 
block formed by the aggregation of primary polymer particles. 
In other words, in this polymerisation, initially stable 
primary particles grew in a uniform manner by polymerisation 
till the critical size at which they lost their colloid 
stability was reached, when they coagulated to form 13 
particle clusters which subsequently grew, by polymerisation, 
in a direction perpendicular to any polymer/monomer interface. 
In the polymerisation with added stabiliser present, the 
coagulation step did not occur and the individual particles 
grew uniformly by polymerisation up to 28% conversion. 
Zichy concluded that in suspension polymerisation in 
the absence of added stabiliser, the morphology, and hence 
the porosity, of the final polymer bead is controlled to 
a major extent by the size of the primary particle 
aggregates, and by the conversion and primary particle 
size at which the aggregation of primary particles occurs. 
The production of a finished article from raw PVC 
requires the incorporation of plasticisers, stabilisers, 
colourants, fillers and lubricants into the polymer. 
Blending is necessary to provide a uniform distribution 
of these ingredients in the final forming operations. Dry 
methods of blending may be accomplished with or without the 
application of heat. With no heat applied the process is 
called cold preblending, with heat applied it is referred to 
as hot dryblending. 
The ease of blending of a reactor PVC is directly related 
to its plasticiser takeup, and Carleton and Mishuck 38 developed 
laboratory tests for the measurement of plasticiser takeup 
during cold preblending and hot dryblending of suspension 
PVC's. They found that an initially poor PVC could easily 
be given good hot dryblending properties simply by removing 
the skin on the 100jm granules by, for example, mild solvent 
treatment, but that improvement of cold preblending properties 
required drastic post-polymerisation treatment such as 
prolonged grinding to break up the original polymer particles. 
For this reason, adequate control of the polymerisation process 
to give the best possible raw PVC for cold preblending is 
essential. 
1.3 Outline and aims of the Dro - ect 
The assumed course of the development of particle 
structure 39 during a normal VCM suspension polymerisation 
without added particle stabilisers is outlined in Fig. 1.3.1. 
Thermal decomposition of a monomer soluble free radical 
source such as an organic peroxide initiates polymerisation 
and soluble, growing polymer chains are produced. By 
transfer of radical activity from growing chains to monomer, 
with the subsequent formation of new chains in the same 
region of space, polymer chains rapidly intertwine, causing 
the build up of high local concentrations of polymer. When 
the polymer concentration in these local clusters exceeds 
the polymer solubility in the monomer, the clusters precipitate 
as basic particles of radius 5 - 10 nm, each containing 
perhaps 6 - io pvc molecules. 
Since the basic particles are highly unstable in a 
colloid sense, they coagulate rapidly with the formation of 
primary particles of radius roughly 0.1 Urn, each primary 
particle containing about 1000 basic particles. Evidence 
for the existence of basic particles, and their coagulation 
to form primary particles, is presented in chapter 3. 
The primary particles are initially stable to coagulation 
and grow individually and uniformly by polymerisation. PVC 
particles are swollen by monomer and consist of 2 parts 
polymer to 1 part monomer, and growth of the primary particles 
is mainly due to polymerisation of the monomer swelling them, 
although a certain amount of growth results from the 
accretion of polymer formed homogeneously in the monomer phase. 
Fig. 1.3.1 	General outline of the course of VCM suspension polymerisation 
Conversion 	Type of polymer present 	 Comments 
ca 0-0.01% 	Soluble oligomeric 	 Only polymer chains less than radical 	
about 10 monomer units long 
are soluble in VCIvI 
ca 0.01-0.5% 	Basic particle 	
The growing chains rapidly (radius 5-10 nm) intertwine and precipitate 
as basic particles 
ca 0.5% 	 Primary particle 	 0 	 The basic particles are (initial radius 0.1 pm) 	 colloidally unstable and 
rapidly coagulate to torm 
primary particles 
ca 0.5-10% 	Primary particle (radius 	 The primary particles grow at coagulation 	 uniformly by polymerisation 0.35 pm at 70°C 
as long as they are 0.2 pm at 20°C) 	 colloidally stable 
ca 10% 	 Primary particle cluster 	 The primary particles 
immediately after torination eventually lose their (cluster radius 1 pm) 	 colloidal stability and 
coagulate to form clusters 
of 13 particles at 700C and 
cont/d... 	
of 55 particles at 200C 
Conversion 	Type of polymer present 
ca 10-30% 	Primary particle cluster 
during cluster growth by 
polymerisation (cluster 
radius ca 2 pm) 
ca 30% 	 Rigid particulate 	 MIN 1 	04 
structure 
Comments 
The clusters grow by 
polymerisation till all 
the free monomer in the 
suspension droplet is 
used up 
As all the free monomer is 
used up a rigid particulate 
structure is formed by the 
random packing of the clusters 
Intergrowtri occurs as the 
monomer trapped between 
clusters and between primary 
particles is polymerised 
Pressure drop Occurs when the 
monomer trapped between 
particles is exhausted 
The remaining monomer trapped 
within the primary particles 
polymerises. "End-stopped" 
polymerisations stop at 88% 
conversion, otherwise 
polymerisation. self terminates 
at 94% conversion. 
ca 30-70% 	Rigid particulate 
structure 
ca 70°c 	Rigid particulate 
structure 
ca 70-88 	Rigid particulate 
or 94% structure 
The primary particles may retain their colloid 
stability up to conversions of 11 or 12%, but at a certain 
size, according to the mechanism of Zichy, 6 they lose their 
stability and coagulate, forming clusters. The primary 
particle size at which they coagulate is temperature 
dependent, as is the number of particles per cluster. At 
the low thermal polymerisation temperature of 20°C, clusters 
containing 55 primary particles of radius 0.2 pm are formed, 
but at 50 or 70 °c the clusters contain 13 particles of 
39 
radius 0.3 - 0.35 pm. 
After formation the clusters grow, by polymerisation, 
in a direction perpendicular to any polymer/monomer inter-
face. 6 Cluster growth continues till the free monomer phase 
is consumed, at around 30% conversion, at which stage a rigid 
particulate structure is formed within each suspension 
droplet by the random close packing of the clusters. 
Between 30 and 70% conversion intergrowth occurs as the 
monomer trapped between primary particles and between clusters 
is polymerised. Throughout this stage the existing polymer 
particles advance almost geometrically towards each other, 
with a consequent reduction in the degree of porosity among 
the large pores. 37 At 70% conversion pressure drop occurs 
as the monomer trapped between particles is exhausted. As 
pressure drop is passed, initiator precipitates onto the 
particle surfaces, particularly in the small pores, and 
reaction is completed by the polymerisation, within the small 
pores, of monomer trapped in the primary particles. This 
final phase of polymerisation cements together the particles 
and is detrimental to polymer properties 37 since it causes 
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a marked decrease in the degree of porosity at the small 
pore size of the spectrum. In commercial PVC Suspension 
polymerisation a compromise is often reached between final 
conversion and degree of porosity by stopping the poly -
merisation at 88% conversion by the injection of an "end-  
stop" consisting of a free radical scavenger. An unstopped 
polymerisation self-terminates at 94% conversion. 
The end product of the suspension polymerisation is a 
dry powder consisting of porous granules of 50 - 150 pm 
diameter, each granule being made up of roughly 1 pm diameter 
primary particles. Normally one granule comes from each 
original nomomer droplet, although, as pointed out by 
Barclay, 35 some merging of droplets during polymerisation can 
occur. 
The mechanism of bulk polymerisation differs from that outlined 
above for suspension polymerisation only in that, in the 
absence of agitation, sedimentation occurs after cluster 
formation, and subsequent widespread fusion of clusters 
leads to the formation of a solid block of polymer 21 rather 
than a dry powder. Widespread fusion is prevented in the 
commercial bulk process by the use of vigorous agitation, and 
granules of around 50 -150 1.lm diameter are obtained as in 
suspension polymerisation. 35 
The mechanism of the formation and growth of the 
primary particles is the same for the bulk and suspension 
polymerisations, except that in the bulk polymerisation the 
size at which the primary particles coagulate to form 
33 clusters is very dependent on the degree of agitation.  
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In this work it was found that in quiescent bulk poly-
merisations the primary particles were unaggregated at 
conversions as high as 8 or 9%. 
Bearing in mind that the fine details of the mechanism, 
and the exact conversions at which the various stages of the 
reaction occur, are very dependent on the polymerisation 
conditions employed, especially the degree of agitation, it 
is felt that the mechanism presented here for bulk and 
suspension VCM polymerisation is in general agreement with 
the previous work reviewed in section 1.2. 
A recent experiment 40 demonstrated conclusively that, 
despite the very low dielectric constant of liquid VCM, the 
PVC particles formed during suspension polymerisation carried 
an electric charge. A pendant drop of VCM, surrounded by an 
aqueous phase, was partially polymerised till turbidity was 
attained, and the PVC particles formed allowed to settle to 
leave a clear layer of monomer at the top of the drop. When 
a potential difference of 1.5V was applied across the drop 
the boundary between the turbid dispersion and clear monomer 
moved, and from the direction of movement it was inferred 
that the PVC particles carried a negative charge. Uncertainty 
in the magnitude of the electric field within the drop 
meant that no quantitative estimate of the electrophoretic 
mobility of the PVC particles in the monomer could be made. 
As a result of this experiment it was suggested that 
the primary polymer particles gained their stability 
against coagulation, in the early stages of the poly-
merisation, from a mechanism of charge stabilisation, and 
the main aim of this project was to measure the charge 
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on the growing primary particles and see if it was of the 
right magnitude to account for the stability behaviour 
found in practice. This involved the measurement of the 
zeta potential, by the technique of microelectrophoresis, 
of PVC particles suspended in liquid monomer. 
Although it is the charge on growing primary particles 
within the suspension droplets which is of most interest, 
this was not amenable to direct measurement, and the primary 
particles for observation had to be formed by bulk poly-
merisation. This was not felt to be of great importance 
since the primary particle charges measured during bulk 
polymerisation were expected to be closely comparable with 
those applying in the corresponding suspension polymerisation, 
due to the well known similarity in the two reactions. 7  
Since VCM is a gas at atmospheric pressure at 
temperatures over -13.8 0C, it had to be handled under pressure 
to maintain it in liquid form. Also, since the monomer is 
believed to be a potent carcinogen, stringent precautions 
to prevent its escape were necessary. 
Observation of the microelectrophoresis of PVC particles 
suspended in VCM required the development of an electro-
phoresis cell of suitable optical properties for dark-field 
microscopy which was also capable of withstanding the pressures 
up to 300 psi necessary to maintain the VCM in liquid form. 
It was found that the electrophoresis cell had to be 
constructed entirely from quartz before the criteria for 
reliable electrophoresis laid down by van der Minne and 
Hermanie 41 could be successfully met. 
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Techniques for handling, purifying and polymerising 
the VCN were developed and, in order to obtain PVC 
particle concentrations low enough for the observation of 
microelectrophoresis by ultrarnicroscopy, a procedure for 
diluting PVC dispersions was evolved. 
The evolution of the experimental proceedure and 
the results obtained are described in Chapter 3. 
The applicability of different possible expressions 
for the repulsive interaction, to the situation of 
primary PVC particles suspended in VCM, was investigated 
by performing theoretical calculations. The calculations 
also indicated the extent to which the experimentally 
measured particle charges could account for the known 
stability behaviour of the primary particles, and allowed 
predictions to be made on the effect of variation of 
different experimental parameters on the particle stability. 
When primary PVC particles are dispersed in VCM 
during bulk or suspension polymerisation, the double 
layer thickness around them is usually greater than 
the average interparticle separation. Neighbouring 
particles therefore exert a considerable influence on the 
potential energy of interaction of two colliding particles, 42 
and a means of allowing for this effect in the calculations 
was developed. 
The theoretical work carried out and the results 
obtained from it are described in Chapter 4. 
In Chapter 5 the correlation between the theoretical 
predictions and the known experimental facts is discussed, 
and a rationalisation of the behaviour of the primary 
particles covering their formation, stability, growth 
and coagulation suggested. Practical methods of 
controlling the primary particle stability, and hence the 
polymer porosity, are proposed, and suggestions for further 
research on basic and primary particle stability put 
forward. 
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Chapter Two 
Theory of Colloid Stability  
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2.1 General introduction 
The basic premiss of 
stability is that the tot 
two colloid particles can 
energies of repulsion and 
separately. 
to colloida 
the DLVO 2 ' 3 
l energy of 
be resolved 
attraction, 
1 stability theory 
theory of colloidal 
interaction between 
into the potential 
which can be evaluated 
2.2 Potential energy of repulsion 
The stability of lyophobic colloids,jn the absence 
of adsorbed polymeric material, arises from mutual 
repulsion due to electrical charges associated with the 
particle surfaces. The most common means by which non-
ionic particles acquire a surface charge are summarised 
below: - 
Ionisation of surface groups such as carboxyl and 
sulphate. 
Preferential adsorption from the dispersion medium, or 
desorption from the particle surface, of ions. This 
includes the adsorption of charged surfactants. 
Regular orientation of dipolar molecules at the particle 
surface. 
Since any dispersion of colloidal particles in a 
liquid medium must be overall electrically neutral, any 
charge on the particles must be balanced by an equal and 
opposite charge in the liquid dispersion medium. 
This balancing charge arises from an excess of ions of 
charge opposite to that of the particles (counter-ions) 
over ions of the same charge (co-ions) in the dispersion 
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medium near each particle. The surface charge and its 
balancing counterchange constitute an electrical double 
layer. 
An initial model of the electrical double layer was 
proposed by Perrin, 43 in which an immobile layer of 
counter-ions - usually called the Helmholtz layer - in 
solution at the particle surface exactly balanced the 
surface charge. In practice, thermal diffusion of the ions 
in solution causes the counter-ion layer to be much more 
diffuse than envisaged by Perrin, and a balance between 
thermal motion causing mixing and electrical forces trying 
to form a Helmholtz type double layer results. This 
situation is described by the diffuse double layer model 
44 	 45 of Gouy and Chapman. 
Several assumptions, outlined below, were made in 
deriving the Gouy-Chapman model of the double layer:- 
The ions in the diffuse double layer are point charges. 
The particle charge is uniformly spread over the surface. 
C) The dispersion medium is continuous and structess. 
It influences the double layer only through its dielectric 
constant, which is assumed to have the same value 
throughout the diffuse part. 
The Poisson equation 
= 	 (2.2.1) 
describes the relation between the potential, , and the 
charge density, p, at all points in a medium of Permittivity 
c around a charged surface. A is the Laplace operator 
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(a 2 /ax 2 + a 2 /ay 2 + &2/azL) and s is equal to c or 
where E
r is the relative permittivity (dielectric constant) 
of the dispersion medium and co is the permittivity of a 
vacuum (8.854 x 10-12  Fm- 1 
The distribution of ions in solution around the surface 
is described by the Boltzmann equation, hence 
n. = n. 	exp (-z.ep/kT) 	 (2.2.2) 
where n. 
10  is the bulk concentration of ionic species I of 
charge z (sign of charge included), and n. is the 
concentration of the species i at a point where the 
potential is . T, k and e have their usual meanings of 
absolute temperature, Boltzmann constant and proton 
charge respectively. 
Since the charge density is given by the sum of the 
ionic charges per unit volume, 
P = E z. 
l 
 en 	 (2.2.3) 
i l 
Combination of equations (2.2.1 - 3) yields 
z.en. 	exp ( - z.e/kT) 	 (2.2.4) E 	 1 
If the dispersion medium contains only a single, 
symmetrical electrolyte of valency z and bulk concentration 
no , equation (2.2.4) becomes 
= _!{zen exp (ze/kT) + zer exp (-ze/kT)} (2.2.5) 
Equation (2.2.5) is most readily solved when the 
surface is flat, since the potential need Only be evaluated 
in one direction, perpendicular to the surface. Also, if the 
potential is sufficiently small that (zep/kT < 1) 
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the Debye-Huckel approximation that 
exp (zep/kT) = 1 + ze/2kT 	 (2.2.6) 
may be used. With these simplifications, equation (2.2.5) 
becomes 
2 	= 	22 _ 2z e no 	 (2.2.7) 
a 2 	 kT x 
which may be written 
= 	K 	 (2.2.8) 
a 
where K = 	
2z 2 2 
e n0 ½ 	 (2.2.9) 
€kT 
The simplest solution of equation (2.2.8) is 
=4)0 exp ( - KX) 	 (2.2.10) 
where x is the distance from the surface and p is the 
potential at the surface. 
Equation (2.2.10) shows that the potential decreases 
exponentially with distance from the particle surface, the 
rate of decay being governed by the value of K. At a 
distance 11K from the surface, the potential has decayed to 
1/e of the surface potential, 	• It is customary to refer 
to 11K as the double layer thickness, although it does not 
extend to the point at which the concentrations of co- and 
counter-ions are equal. The double layer thickness is 
inversely proportional to the valency of the ions in solution, 
and to the square root of the ionic concentration. 
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The definition of K given in equation (2.2.9) is 
universally used to describe electrical double layers, 
although under conditions of higher surface potentials, 
and with spherical particles, the same simple relation 
between K and 	is not found. 
The most serious deficiency in the Gouy-Chapman theory, 
outlined above for flat double layers, is that it neglects 
the finite dimensions of the ions in solution. This becomes 
apparent on consideration of counter-ion concentrations close 
to the particle surface, which are predicted by the theory to 
be unreasonably high when anything other than very low 
electrolyte concentrations are considered. The theory also 
predicts double layer capacities to be about ten times greater 
than is found experimentally. 46 
Stern 47  resolved these anomalies by dividing the double 
layer into two parts separated by a plane, called the Stern 
plane, at the distance of a solvated ion radius from the 
particle surface. The plane represented the distance of 
closest approach of solvated ions. Within the Stern layer 
ions could be specifically adsorbed, in other words they 
were held strongly enough by electrostatic and van der Waals 
forces not be dislodged by thermal agitation. These ions 
were desolvated, at least in the direction of the surface. 
In the Stern model, the total potential drop,p , across 
the double layer is divided into two parts, 	across the diffuse 
part and - 
	across the molecular condenser within the Stern 
layer. The potential decays linearly from ip to 	within 
the Stern layer, and in a manner described by the simple 
Gouy-Chapman theory outwith the Stern layer, except that the 
surface potential, ty is replaced by the potential at the 
Stern plane, 	in the Gouy-Chapman expressions. The Stern 
model is illustrated schematically in figure 2.2.1. 
By thus limiting the maximum potential within the 
diffuse layer to 	and allowing for the finite dimensions 
of the ions, at least in the regions very close to the 
particles, the Stern model greatly improves the Gouy-Chapman 
theory. The Stern model itself was improved by Grahame, 48  
who distinguished between the "inner Helmholtz plane" through 
the centres of specifically adsorbed, desolvated ions, and 
the "outer Helmholtz plane", corresponding to the original 
Stern layer, through the centres of solvated ions at the 
surface. 
The potential energy of repulsion between colloid 
particles arises from the overlap of Gouy-Chapman type 
diffuse double layers. The energy of repulsion, VRI  between 
two particles separated by a distance d is equal to the change 
in free energy on reducing their separation from infinity to 
d. Calculation of V  therefore involves evaluation of the 
free energy of interacting double layers as a function of 
particle separation. For spherical particles the method 
employed depends on the value of Ka, where K is the inverse 
- 
	
	double layer thickness, defined by equation (2.2.9), and 
a is the particle radius. 
When Ka <<1, as is the case when the ionic concentration 
in the dispersion medium is very low, the extent of the double 
layer is much greater than the particle dimensions, and the 
Particle Surface 
Stern Plane 
- Surface of Shear 
























Fig. 2.2.1 Schematic Representation of the 
Stern Model of the Double Layer 
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Poisson-Boltzmann equation (2.2.4) must be solved for three 
dimensions to obtain the potential in the double layer 
around the spherical particles. For low potentials, the 
Debye-Huckel approximation can again be used, allowing 
the Poisson-Boltzmann equation to be simplified to 
2 lj) 	= 	K 	) (2.2.11) 
Verwey and Overbeek 49 obtained a solution to equation 
(2.2.11) for two spherical particles of radius a with a 
distance R between their centres, the potential being i 
at the particle surfaces and zero at large distances from 
the particles. By invoking Gauss's theorem 
Q 
= 	W  
- f 
	
dw 1 	 (2.2.12) 
e = constant 
r =a 
they were able to relate the surface potential and the charge, 
Q, of the particles by the expression 
P o = 





(1 - e-2Ka 	 +-!_) + A (1 +—- + ---- 
 
2)2Kas 	 Kas 	2 	Kas kas)	
}] 
4ac(1 + Ka) j  - 6(1 + 	)} 
(2.2.13) 
in which s = R/a, 	and X 11 A 21 	6 and are parameters, defined 
by Verwey and Overbeek, arising as a result of expressing the 
solution of equation (2.2.11) as the first three terms of an 
infinite series. 
-r ,# 
It is customary to assume that throughout the inter-
action of two colloidal particles during a Brownian 
collision, either their surface potential or surface 
change density remains constant. The former assumption 
is the better when rapid adsorption and desorption of 
potential determining ions maintains the thermodynamic 
equilibrium in the double layer throughout the encounter. 
The latter assumption is the more valid when the particle 
charge results from immobile, chemically bound species. In 
practice, neither assumption holds exactly but the situation 
tends towards one or other extreme. 
Under conditions of constant surface potential the 
potential energy of repulsion of two spherical particles 
at a separation R is given by 49 
V 	= 	 - 	 2.2.14 
= constant 
0 
in which Q and Q are the particle charges at a separation 
of infinity and R respectively. On elimination of Q using 
equation (2.2.13) , equation (2.2.14) becomes 
2 	2 -KH 
VR 	
= p 0 4rrae 
= 	
(2.2.15) 
constant 	2a+H  
where H is the minimum surface separation, and is given 
by equation (2.2.16) 
(2.2.16) 
+e
-a(s-2) 1  
(1 - e 2 ) (1 ± 	) 
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, and an analagous parameter Y applicable under conditions 
of constant surface charge density during interaction, allow 
for the distortion of the initially symmetrical diffuse 
double layers as the particles approach each other during 
a Brownian collision. 
In the limit, as the ionic concentration in the 
dispersion medium is reduced, the potential energy of 
repulsion between two particles is perhaps best approximated 
by Coulomb's law  
2 	2 




However, equation (2.2.17) can never exactly describe 
colloidal dispersions since it neglects the overall 
electroneutrality which must prevail. 
The potential energy of repulsion between spherical 
particles of radius much greater than the double layer 
thickness (<a >>1) was initially evaluated by Derjaguin? 0 
The particles were considered to be built up from infinitesi- 
mally thin parallel rings lying normal to the axis of symmetry, 
as shown in figure 2.2.2. H0 is the minimum interparticle 
separation, dh and h are the ring thickness and distance 
from the axis respectively, ar'd H is the separation between 
equivalent rings. In principle, the total potential energy 
of repulsion is obtained by summing the repulsion between 
each equivalent pair of rings, which is given by 
V R 	 H 
1 = 	2irh . 2 ( f - f ) dh 
	
(2.2.18) 
where the f terms represent the free energy per unit area of 
surface at separation H or infinity. 
Fig-2-2.2 The model used by Oerjaguin to 
calculate the potential energy of 
repulsion when the double layer 
thickness is much less than the 
particle radius 
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The total potential energy of repulsion is then 
given by 
00 
V  = 	2irh 2H - f 00 ) dh 	 (2.2.19) 
0 
in which the upper limit of integration may be chosen as 
infinity because the contribution of rings far from the 
axis is unimportant when the extent of the double layers is 
small. 
For small values of h, the approximation 
2hdh = adH 	 (2.2.20) 
is valid, allowing equation (2.2.19) to be simplified to 
00 
VR = 2ira 	




With the aid of the further approximation, valid for small 
potentials, that 
2 
- f 00 ) = CK1) 	(1 - tanh -) 	 (2.2.22) 
equation (2.2.21) can be integrated, yielding 
V  = 27ra 	
2 	
KH
j 	ln(1 + e 	o) 	
(2.2.23) 
In view of the approximations involved in its derivation, 
the accuracy of equation (2.2.23) depends on the value of 
ca. When (a >10 the error is less than 5%, but it rises to 
around 30% when <a is reduced to 2. The expression is also 
accurate only for reasonably low potentials, at higher 
potentials the graphical proceedure proposed by Verwey and 
51 Overbeek 	is better. 
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Since the derivation of equation (2.2.15) also involves 
the Debye-Huckej approximation, this equation is also only 
strictly valid for low potentials. Unfortunately, for the 
situation of small Ka, a satisfactory solution for higher 
potentials has not been found, and equation (2.2.15) must 
be applied over the whole potential range. 
In practice, equation (2.2.15) is used to determine the 
potential energy of repulsion when Ka < 3, and equation 
(2.2.23), or Verwey and Overbeek's graphical extension of 
it, when Ka >10, regardless of the potential. For the inter-
mediate region Verwey and Overbeek 49 suggested the use of a 
graphical interpolation, but a more accurate method, which is 
applicable for (a values down to 5, has recently been 
developed by McCartney and Levine. 52 In this approach the 
interaction energy between the spherical particles is 
evaluated by expressing the potential in terms of a 
distribution of electric dipoles on the two spherical 
surfaces, and constructing an integral equation governing 
the dipole distribution. For low potentials, and Ka >5, 
the method is more accurate than the Derjaguin expression. 
In principle, higher approximations can be included to extend 
the method outside the range of the Debye-Huckel approximation, 
and thus allow consideration of higher potentials, but the 
mathematical problems involved are formidable. 
An alternative means of calculating the potential energy 
of repulsion for the intermediate Ka range involves a 
combination of the linear superposition approach (L.S.A.) of 
Bell, Levine and McCartney, 53 and the Derjaguin equation (2.2.23). 
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The L.S.A. assumes that the potential between two particles 
is given to a good approximation by the sum of the potentials 
produced by either particle in the absence of the other. 
Using results tabulated by Wiersema, Loeb and Overbeek, 54 
the L.S.A. was found, at large interparticle separations, to 
give the correct energy of repulsion for all surface potentials 
and particle radii. By using the Derjaguin expression for 
small separations (KH <3) and the L.S.A. approach at all 
larger separations, Levine et a1 53 were able to accurately 
calculate V  for a considerable proportion of the intermediate 
(a range. 
By a suitable choice of expression it is therefore 
possible to calculate V  with reasonable accuracy for any 
combination of Ka and surface potential. Before calculated 
values of V  can be used to evaluate the total energy of 
interaction between colloid particles, the potential energy 
of attraction must also be calculated. 
2.3 Potential energy of attraction 
Since all lyophobic colloids can be made to coagulate 
if the double layer repulsion is removed, a general, relatively 
long range, attractive force must be present between all 
colloidal particles. This attractive force has its origins 
in the van der Waals forces, originally inferred 55 from 
the properties of non-ideal gases and liquids, which exist 
between all neutral atoms and molecules. 
Three different components, outlined below, contribute 
to the van der Waals forces between neutral species, 
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between a permanent dipole and an induced dipole, 
originally described by Debye 56 
2 
V 	=  
Debye 	 (2.3.1) 
where V is the potential energy of attraction, 
cc is the polarizability of the apolar species, 
P is the dipole moment of the dipolar molecule, 
r is the intermolecular separation. 




1.1 	 (3.2.2) VK 	
= kTr 
where k is the Boltzmann constant, 
T is the absolute temperature. 
between two atoms, or non-polar molecules, due to 
London dispersion forces 58 
V 	
- -3h2 	 (2.3.3) 
London 
- 4r 6 
where h is Planck's constant 
v is the characteristic dispersion frequency 
of the material. 
London dispersion forces arise from the fact that 
even in atoms or spherical molecules instantaneous non-
symmetrical electron distributions occur, and result in 
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the formation of fluctuating electric dipoles. These 
fluctuating dipoles in one species induce corresponding 
dipoles in a second species, and the net result is an 
attractive induced dipole - induced dipole interaction. 
In other words, the electronic distributions in the two 
species are correlated, since a disturbance in one induces 
a disturbance in the other, and the magnitude of the 
interaction is equal to the second order perturbation 59 of 
the energy of the two atoms or molecules on allowing for 
the correlation of the distribution of the electrons in the 
two species. The dispersion energy is proportional to the 
mean square fluctuation of the electronic distribution, and 
the more polarizable a molecule the stronger the attraction. 
The three components of the van der Waals force all 
give rise to an energy of attraction varying inversely as the 
sixth power of the separation, and consequently are very short 
range as far as interaction between isolated pairs of molecules 
is concerned. However, since the London energy of interaction 
between any two atoms is virtually independent of their 
interaction with any other atoms, the total London energy 
between two macroscopic bodies is given, to a first 
approximation, by a simple summation over all pairs of 
atoms in the two bodies. London forces between macroscopic 
bodies such as colloid particles are therefore relatively 
long range and strong, whereas the Debye and Keesom forces, 
which are non-additive, are weak and unimportant. The London 
dispersion energy between colloidal particles is of the 
order of magnitude of the thermal energy, and may extend 
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over distances comparable to aqueous double layer thicknesses. 
Haniaker 60 derived the London dispersion energy between 
two spherical colloidal particles of arbitrary dimensions 
and separation, obtaining the following expression for the 
potential energy of attraction, VA , between particles inter- 
acting across a vacuum 
-A 	2a1a2 	 2a1a2 
VA = 6(2(a 1 + a2)+H)H + (2a 1 + H)(2a 2 + H) 
(2(a 1 + a 2 )+H)H 
+ln 
(2a 1 ± H) (2a 2 + H) } 
	(2.3.4) 
where A is an interaction parameter, called the Hamaker 
constant, 
a 1 and a2 are the particle radii, 
H is the interparticle separation. 
It is apparent from equation (2.3.4) that the potential 
energy of attraction between colloid particles depends on 
the product of an interaction parameter and a geometrical 
parameter. The greatest problem in the calculation of 
energies of attraction lies in the evaluation of the Hamaker 
constant, which depends on the nature of the material of 
which the particles are composed. Two methods, reviewed by 
Gregory 61 and Visser, 62 of calculating the Hamaicer constant 
have been suggested, these are known as the microscopic and 
macroscopic approaches. 
Microscopic Approach 
• 	 60 Tnis was initially developed by Hamaker, and is based 
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on the assumption that the total energy of attraction between 
two colloid particles is equal to the sum of the energies 
of attraction between all pairs of atoms in the two 
particles. The expression obtained for the Hamaker constant 
for the interaction of two particles 1 and 2 across a vacuum 
is 
Al2 = 	 (2.3.5) 
where q 1 and q2  are the numbers of atoms of types 1 and 2 per 
unit volume of material, and B 12 is the London constant for 
attraction of the two types of atom. In order to evaluate 
Hamaker constants, the London constant B must be determined. 
For attraction of two hydrogen-like atoms the London 
constant is given by 
B12 = 3h 010201 ct 02 	 (2.3.6) 
2(v 01 + 02 
where 	is the static polarizability of atom i, andoi 
is the frequency of the electron in the ground state. 
and v are related by the equation 




where me and e are the mass and charge of the electron. 
For more complex atoms, Eisenschitz and London 63 
derived the expression 
- B"he 	 f 1 f 2 	 ) 12 42 	 ( 
32ii me 1 2 
where f 1 and f 2  are the "oscillator strengths" corresponding 
to transition frequencies v and j 
2  in atoms 1 and 2. The 
— 52 — 
summation is over all such transitions in both atoms. 
The molar refraction R. of material i is given by the 
expressions 
	
- n. 2 -1 	M. 
I - _______ . —i. 	 (2.3.9) 
n.+2 	p i 
1 
R. = i A 	(v) 	 (2.3.10) 1  
Rj = eNA 	 (2.3.11) 
37rm 2_ 2 e 	v 	v I 
in which n 1 is the refractive index of material i at frequency 
V, M i and p. are the molecular weight and density respectively, 
NA is Avogadro's number and cz.() is the polarizability at 
frequency v. 
Equation (2.3.11), which is a dispersion equation, gives 
the variation of the refractive index of material i with 
frequency. For many materials this variation can be 
represented by a dispersion equation with only one term, 
for such materials equation (2.3.11) simplifies to 
R1 e 2NA 	S. - 	 1 
-7 3 7T 	\)1. \)—\) e  
(2.3.12) 
where v. is a characteristic frequency and S. (which is 
1. V 1 
given by Ef 1 ) is the "effective number of dispersion electrons". 
Since 
2 
n. — 1 	N. 	e2NkS1 	
(2.3.13) 
2 + 2 	 3irm 	 — e Iv i 
S. 1 and v 1V . may be obtained from a straight line plot of 
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2 + 2 
1 	 2 
2 against v 
n.-1 
If materials 1 and 2 both have one-term dispersion 
equations, equation (2.3.8) becomes 
4 3he 
1J12 - 	4 32ir m 2  
e 
S ' s 2 
\) 	') 	(V 	+ 	\) i 2v 1 
(2.3.14) 
Provided that suitable dispersion data are available, the 
London constant can be calculated from equation (2.3.14) and 
used in equation (2.3.5) to obtain the Hamaker constant. 
If v = 0, and the relation c. = n. 2 is used, where 
n. is the limiting refractive index in the visible wavelength 
region, equation (2.3.13) becomes 
-1 
10 	
M 	1 . e 2NA 	S• 
E. +2 	PT 3irn 10 	 1 	 e 	vi 
(2.3.15) 
By combining equations (2.3.5), (2.3.14) and (2.3.15), 
Gregory 61 obtained the following expression, which allows 
the Hamaker constant to be calculated more directly than 
through equations (2.3.14) and (2.3.5) 
h v 	 c 	-1 	c 	-1 27 	lv 2v 10 20 Al2 = 	
( V 	+ v 	 c, + 2 £20 + 2 	
(2.3.16) 
lv 
Both equations (2.3.5) and (2.3.16) are applicable 
only when the particles interact across a vacuum. When the 
particles are immersed in a fluid medium the attractive force 
is reduced by competing particle - medium interactions. 
Hamaker 6°  allowed for this effect by means of the expression. 
	
A132 = A, 2 + A33 - A13 - A23 	 (2.3.17) 
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where A132  is the modified Hamaker constant for interaction 
across medium 3, and the other terms are the normal Hamaker 
constants for the different interactions in vacuo. 
When an electromagnetic field is transmitted through 
a dielectric medium, energy is dissipated as the field 
orientates the molecules of the dielectric. To allow for 
this effect, Verwey and Overbeek 64 suggested that the 
value of A132 given by equation (2.3.17) should be divided 
by the dielectric constant of the dispersion medium, although 
Gregory 61 later felt that this simple division overestimated 
the effect. In practice, the effect of the intervening medium 
can Only be adequately predicted by use of the macroscopic 
approach, as described later. 
Retardation 
London dispersion forces result from the interaction of 
electric dipoles, the interaction being propagated at the 
speed of light. Since the speed of light is finite, the 
propagation time is also finite, and at large interparticle 
separations the propagation time becomes comparable to the 
intrinsic period of electronic oscillation. Under these 
conditions a phase difference between the interacting dipoles 
occurs and the interaction is reduced, or retarded. Casimir 
and Polder 65 found that under retarded conditions the distance 
dependence of the London equation changed from an inverse 
sixth power to an inverse seventh power. 
In practice, retardation only becomes important for 
separations greater than about 10 nm, so that only large 
particles, which may still have a significant attraction 
at these separations, are affected. 
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Macroscopic Approach 
The microscopic approach to the calculation of Harnaker 
constants involves several inherent assumptions which are 
open to criticism. These assumptions include: 
Pair-wise additivity of the inter-molecular interactions 
Only electronic oscillations about a characteristic 
frequency in the U.V. region contribute to the attraction 
The effect of the intervening medium is allowed for by 
simple division by its dielectric constant at a single 
frequency. 
Pair-wise additivity of inter-atomic or molecular forces 
is likely to be wholly applicable only for gases, where the 
atoms are well separated. For condensed systems the 
electronic oscillations in one atom will influence the 
oscillations in a second atom and so alter its interaction 
with a third atom. 
The second assumption is also highly suspect, since 
electronic vibrations at all frequencies contribute to the 
electromagnetic field between the particles. 
Finally, Ninham and Parsegian 66 showed that the effect 
of insertion of a fluid medium between interacting particles 
could not be adequately described by a dielectric constant 
at a single frequency, it was necessary to consider all 
interaction frequencies. 
These inadequacies were resolved in a theory initially 
developed by Lifshitz et al , 67,68 and rendered more tractable 
by Ninharn and Parsegian. 66 In the Lifshitz theory the energy 
of interaction of two media is calculated entirely from the 
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macroscopic properties of the media. The attraction is 
assumed to arise from a fluctuating electromagnetic field 
in the gap between the media, and all individual spontaneous 
fluctuations at all frequencies contribute to the field. 
In principle, at any given separation, the interaction 
parameter is obtained by summing the interactions at all 
frequencies. This requires knowledge of the permittivity of 
the interacting bodies and the separating medium as a function 
of frequency, this information is obtained from absorption or 
reflection measurements. 
When interaction parameters are evaluated using the 
macroscopic approach it is found that, in contrast to the 
microscopic approach, the parameter is no longer a constant 
for any given system, but is a function of the temperature 
and inter-particle separation. Consequently, to obtain a 
potential energy diagram showing VA as a function of 
separation, it is necessary to evaluate the interaction 
parameter as a function of separation as well. 
Provided sufficient optical data are available, the 
macroscopic approach is the soundest method of obtaining 
interaction parameters. However, in many cases, especially 
for dispersions in non-aqueous media, where knowledge of 
the exact value of the potential energy of attraction is 
often not required, 69 the use of simple, single valued 
Hamaker constants is adequate in evaluating the total inter-
action energy between colloid particles. 
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2.4 Total potential energy of interaction 
The total potential energy of interactior VTI  between 
two colloid particles is obtained by summation of the 
potential energies of repulsion and attraction, i.e. 
VT = V  + VA 	 (2.4.1) 
The form of the VT  against separation relationship is 
therefore determined by the properties of V   
and  VA. 
The repulsive term decays approximately exponentially 
with increasing separation, whereas the attractive term 
decreases as the inverse of the square of the separation. 
Attraction therefore predominates at small separations, but 
at intermediate and large separations the form of the VT 
curve depends to a large extent on the V   term. At very 
small separations Born repulsion, due to the overlapping 
of electron clouds, predominates, but this effect is of little 
consequence in colloid chemistry since at these separations 
particles are already irreversibly coagulated due to van der 
Waals attraction. 
Fig. 2.4.1 shows a typical plot of potential energy as 
a function of separation for a dispersion for which the 
ranges of the repulsive and attractive forces are similar. 
The most important features of the VT  curve with regard to 
colloidal stability are the depth of the primary minimum, 
the height of the potential energy barrier, V max , and the 
depth of the secondary minimum. 
The primary minimum is normally very deep compared to 












of two spherical particles 
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coagulated into it they are very difficult to redisperse. 
In contrast, the secondary minimum is usually relatively 
shallow and particles flocculate reversibly into it, forming 
loose aggregates which are easily redispersed on shaking. 
As shown in Fig. 2.4.2, the depth of the secondary minimum 
increases with increasing particle size. 
The stability of a dispersion against irreversible, 
primary minimum coagulation is determined by the height of 
the potential energy barrier, if this is large in comparison 
to kT the dispersion will be stable, although loose, secondary 
minimum flocculation might still occur. 
Since the form of the VA vs. separation curve is defined 
and invarient for any chosen system, any changes in the VT 
curve are caused by changes in VR. Fig. 2.4.2 illustrates the 
effect on the VT curve of varying the particle size at constant 
surface potential. it is seen that small particles are less 
stable than large ones with respect to primary minimum 
coagulation. Similarly, increasing the double layer 
potential, 	, at constant particle radius increases the 
stability, as shown in Fig. 2.4.3. 
The VT curve is markedly affected by variations in 
double layer thickness, as illustrated in Fig. 2.4.4. From 
the figure it is apparent that all non-sterically stabilised 
lyophobic dispersions can be caused to coagulate by in-
creasing the electrolyte concentration sufficiently. 
Conversely, on increasing the double layer thickness by 
decreasing the electrolyte concentration, the range of V  
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minimum disappears. Curve IV is a typical VT curve for 
dispersions in low permittivity media, where the free ion 
concentration is usually fairly small, such as the PVC 
dispersions in VCM studied in this project. 
The force encountered between colloid particles during 
a Brownian collision is given by the slope of the VT against 
separation curve, and Fig. 2.4.4 shows that in typical low 
permittivity media the force is very weak but extends a long 
way from the particles, whereas in media of higher permittivity 
the force is relatively short range and strong. 
Fig. 2.4.4 also illustrates the important point that 
in low permittivity media the VT curve is often completely 
dominated by V  at all but the smallest separations, so that 
the accuracy of the VA calculation is of less importance than 
in most aqueous dispersions. 69 
When long chain polymeric species, extending into the 
dispersion medium, are adsorbed at the particle/medium 
interface, an additional term, V, must be included in the 
expression for VT, which now becomes 
VT = V  + VA 	 (2.4 .2) 
allows for the decrease in entropy, and the resultant 
increase in free energy, as the particles approach and the 
chains interact during a collision, and represents an 
additional barrier to coagulation. This effect is termed 
steric stabilisation, and the result of its inclusion in the 
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2.5 Kinetics of coagulation 
The experimental criterion of colloidal stability is 
the rate of decrease of particle concentration by 
coagulation, this depends both on the initial particle 
concentration and the potential energy of particle inter-
action. To allow these two effects to be combined in 
predicting coagulation rates, a study of the kinetics of 
coagulation is required. 
2.5.1 Rapid coagulation 
The simplest coagulating system is that described by 
von Smoluchowski,1 in which particles experience no forces 
till they collide, at which point they encounter an 
infinitely deep potential well and coalesce permanently. The 
potential energy diagram for this situation is shown in Fig. 
2.5.1. Under these conditions the rate of coagulation is 
entirely diffusion controlled, and proceeds at the so-called 
"rapid rate". 
Smoluchowski used Fick's fir law of diffusion to 
calculate the number, J, of particles diffusing towards a 
fixed central particle in unit time, and found 
J = D 	4irr 2 av 
	
(2.5.1) 
where D is the diffusion coefficient of the particles, r 
is the distance from the centre of coordinates and v is the 
particle concentration. In deriving equation (2.5.1) it is 
assumed that a steady state is rapidly attained in which the 
number of particles diffusing through any closed surface in 








Fig .2.5.1 Potential Energy Diagram for 
Smoluchowskj's Model of Rapid 
Rate Coagulation 
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to the number of particles colliding with it. 
Equation (2.5.1) may be solved, subject to the 
boundary conditions v = v 
0 
for r = , and ' = o for 
r = R, to yield. 
J = 4nD R 
10 (2.5.2) 
where R is equal to the distance between particle centres 
at which lasting contact is formed, and v is the primary 
particle concentration at the beginning of the coagulation. 
If the central particle is also subject to Brownian 
motion, and it is assumed that the motion of each particle 
is independent of the presence of all other particles, the 
single particle diffusion coefficient D 1 must be replaced by 
the relative diffusion coefficient of two particles, so that 
D12 = ID 1 + D2 	 (2.5.3) 
or, for particles of equal size, 
D11 = 2 D 1 	 (2.5.4) 
For the early stages of the coagulation, when effectively 
only primary particles are present, equation (2.5.2) now 
becomes 




	 (2.5 .5) 
where J now represents the number of collisions with one 
particle in unit time. The rate of disappearance of primary 
particles is given by 
-d 1 
d 	= 87rD 1 R (2.5.6) 
where v is the primary particle concentration at time t. 
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Equation (2.5.6) applies only at the beginning of the 
coagulation, when all collisions are between two primary 
particles, and allows for the fact that each collision 
removes two primary particles. When collisions between all 
types of particles are considered, each collision removes 
only one particle, and the rate of coagulation is given by 
-dv - 
47rDRv 2 	 (2.5.7) 
where v is the concentration of particles of all types. 
Equation (2.5.7) shows that the kinetics of coagulation are 
equivalent to those of a bimolecular reaction, the rate 
constant being 
k = 4irDR 
0 (2.5.8) 
The particle diffusion coefficient, D, due to Brownian 
motion is given by 
D = 	kT 	 (2.5.9) 
6 T Tj a 
where k is the Boltzmann constant, T the absolute temperature, 
ri the dispersion medium viscosity and a the particle radius. 
Also, it is a good approximation that 
R= 2a 	 (2.5. 10) 
Using equations (2.5.9) and (2.5.10), equation (2.5.8) becomes 
4kT k = 	 (2.5.11) 
0 
311 
Since equation (2.5.9) is applicable only for 
spherical particles, and equation (2.5.10) assumes the 
collision of two equally sized particles, equation (2.5.11) 
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is only strictly applicable to dispersions composed of 
monodisperse, spherical particles. It therefore describes 
accurately only the early stages of coagulation, before 
significant rnultiplet formation has occurred. 
70 Muller 19, analysed the effect of both polydispersity 
and non-sphericity on the rate of coagulation. He showed 19 
that, since 
p4+ ((r ,/r .)½_ (r./r.)½)2} 	 (2.5.12) 1 J 	 J 1 
where P is the probability of collision between particles of 
radius r and ri, the probability of collision between 
particles differing in size is always greater than that 
between particles of the same size. This means that the 
true value of k 0 for a polydisperse sol is larger than that 
predicted by equation (2.5.11). 
Since all particles are subject to rotatory Brownian 
motion, the effective collision diameter of non-spherical 
particles is of the order of their largest dimension, whereas 
their diffusion constant is inversely proportional to a mean 
dimension, which may be considerably smaller than their 
largest dimension. By an extension of this reasoning, 
Muller 70  showed that the combination of a large collision 
diameter with a large diffusion coefficient resulted in 
non-sphericity also causing equation (2.5.11) to under-estimate 
the rate of rapid coagulation for anything other than model 
colloids. 
Despite these limitations, when deviations from ideality 
are not too excessive, rapid rate constants predicted by 
equation (2.5.11) agree reasonably well with those measured 
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experimentally. 
2.5.2 Slow coagulation, and stability 
The above equations for rapid rate coagulation were 
derived assuming the absence of a potential energy barrier 
max in Fig. 2.4-1) to primary minimum coagulation. In the 
presence of such a barrier the rate of coagulation is 
reduced, since in only a fraction of the Brownian collisions 
do the particles have sufficient energy to overcome the 
barrier. 
The first description of slow coagulation was given by 
Smoluchowski, 1 who calculated its rate simply by multiplying 
the rate of rapid coagulation by a factor x, the fraction of 
successful collisions. His expression for reduced rate co-
agulation is therefore 
dv - 
47rDRv 2dt (2.5.13) 
The weakness in this treatment of slow coagulation is 
that there is no means of relating to such parameters as 
electrolyte concentration and particle potential. Also, it 
suggests that all coagulation-time curves should be trans-
formable into each other simply by a change of time scale. 
A more versatile approach to the problem is that of 
Fuchs, 
71 
 who allowed for the presence of a potential energy 
barrier by extending the diffusion equation (2.5.1) to 
include diffusion in a field of force. The differential 
equation 
J = 4irr2 	a 	+ 	dvT (D 1 
- -- ) 	 (2.5.14)dr 
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is obtained, in which VT(r) is the total potential energy 
between two particles at a separation r, and p is the 
frictional constant of the particles. 
On solving equation (2.5.14) subject to the normal 
boundary conditions, the number of collisions, J, with one 






Comparison of equations (2.5.15) and (2.5.5) shows that 
the presence of a potential energy barrier reduces the rate 
of coagulation by a factor 
W = 2a f 00 exp (VT/kT) dr 
2a 
(2.5 .16) 
In this expression, r is the distance between particle 
centres. If s = na, equation (2.5.16) may be re-written 
OD
ds W = 2 f 	exp (VT/kT) 2 	 (2.5.17) 
N is called the stability ratio, and for any system is 
equal to the ratio of the rate constant for rapid co-
agulation to the rate constant for slow coagulation. 
Implicit in the derivation of equations (2.5.16) and 
(2.5.17) is the assumption used in the Smoluchowski model of 
rapid coagulation that there is no attraction between particles 
till contact is reached. In practice, London-van der Waals 
forces extend a considerable distance from the particles, so 
that attraction is felt long before the point of contact. 
72 
McGown and Parfitt showed that this effect could be allowed 
for by modification of equations (2.5.16) and (2.5.17) 
to read 
00 
W =f2aexp  (VT/kT)dr/r2 	 (2.5.18) 





P(VT/kT)ds/s2 	 (2.5.19) 
Go 
2 	exp (VA/kT) ds/s 2 
Provided sufficient data on any practical dispersion 
are available to allow the relevant graphs of potential 
energy against separation to be drawn, the theoretical 
stability ratio can be calculated from equation (2.5.18) or 
(2.5.19) by numerical integration. The predicted rate of 
coagulation of the dispersion is then obtained by dividing 
equation (2.5.7) by this stability ratio, i.e. 
- 	= 47rDRv 2 /w 
	
(2.5.20) 
In deriving the equations presented above, the assumption 
stated by equation (2.5.3) was invoked. This assumption is 
that the relative diffusion coefficient of two particles 
undergoing Brownian motion is equal to the sum of the 
diffusion coefficients of each particle in the absence of the 
other. In practice, the viscous motion of two neighbouring 
particles is quite different from that of a single particle, 73,74  
so that equation (2.5.3) applies only when the particles are 
widely separated, and is very questionable at the separations 
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typically important in colloidal studies. 
Spielman 75 showed that the relative diffusion coefficient 
of two particles, on allowing for the viscous interactions 
between them, is given by 
D 12 = kT/f 	 (2.5.21) 
where k and T have their usual meanings, and f is defined 
by 
= K 
1 K  2 A1A2 
K + K -A -x 
1 	212 
(2.5.22) 
in which K 1 , K2 , A and x 2 are positive hydrodynamic 
resistance coefficients. These coefficients are proportional 
to the dispersion medium viscosity, and are functions of the 
dimensions and separation of the particles. Spielman showed 
by numerical evaluation that D 12 approached D + D2 only in 
the limit of infinite separation. 
The effect of viscous interactions is allowed for in the 
76 calculation of stability ratios 75, by modifying equation 
(2.5.19) to 
1D12/D12) exp(VT/kT)ds/s2 W 	2 	 (2.5.23) 
f 00 
=  
(D2/D12) exp(VA/kT)ds/52 2 
where D is the relative diffusion coefficient corresponding12 
to separation s, and defined by equations (2.5.21) and (2.5.22), 
and 
CO 
D12 = D 1 + D2 
CO 
i.e. D 	 is equal to the relative diffusion coefficient in12 
the absence of viscous interactions. 
Spielman found that inclusion of the effect of viscous 
interactions always resulted in a retardation of the 
predicted coagulation rate, sometimes by as much as a 
factor of ten, and that the effect was greatest for thin 
double layers. 
Chapter Three 
Experimental Methods and Results 
3.1 Introduction 
Since the saturated vapour pressure of VCM is 49 psi 
at 20°C, and 174 psi at 700C, the monomer had to be handled 
under pressure to maintain it in liquid form over the 
temperature range used in the project. All apparatus with 
which the monomer came in contact was therefore capable of 
withstanding pressures up to 300 psi, and was designed so 
that loss of VCM during handling could be eliminated, in view 
of the carcinogenic hazard of the monomer. Excess monomer 
remaining after a polymerisation run was converted into 
formic and chioroformic acids by reaction with alkaline 
potassium permanganate solution. 
3.2 Equipment for VCM handling 
3.2.1 The small cylinder 
The VCM was supplied by I.C.I. Limited, Plastics Division, 
in a large stainless steel storage cylinder initially 
containing about 10 kg VCM, and from which small, pure 
samples of about 25 g were obtained using the small cylinder, 
shown on the front of Plate 3.2.1.(A), and the pressure rig, 
as described below. 
One Hone valve on the small cylinder was connected to 
the storage cylinder using a large bore flexible braided 
steel pipe with pressure tight ball and socket attachments 
at each end. The small cylinder and braided connecting pipe 
were evacuated for 10 minutes using a water pumt, then nitrogen 
(40 psi) was admitted to the small cylinder from the pressure 
rig and the cylinder and pipe again evacuated for 10 minutes. 
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This procedure adequately purged the system of air, which can 
retard the VCN polymerisation. 
The small cylinder was then surrounded by liquid 
nitrogen and VCM condensed into it by opening the storage 
cylinder valve. After 5 minutes the cylinder was transferred 
to a water bath at 20 °C, and excess monomer in the small 
cylinder allowed to condense back into the storage cylinder. 
After 10 minutes the storage cylinder valve was shut and the 
monomer remaining in the connecting pipe condensed into the 
small cylinder using liquid nitrogen. The small cylinder was 
then warmed to 20 0C and the connecting pipe removed. 
After this procedure the small cylinder typically 
contained 25 g VCM which had been freed from impurities by 
the distillation from the storage cylinder, and which was 
also free of atmospheric oxygen. 
3.2.2 The pressure rig 
The pressure rig, shown in Plate 3.2.1 and illustrated 
schematically in Fig. 3.2.1., allowed liquids to be 
transferred, using nitrogen pressure and with exclusion of 
air, from cylinders A, B and E to an external vessel attached 
at J. 
Cylinder white spot nitrogen was dried over silica gel 
(Fisons self-indicating, 6-18 mesh) in a braided steel pipe 
between the cylinder and rig, and admitted to the rig via 
the main valve N. The pressure in the rig was measured 
by guage P, calibrated in pounds per square inch. 	E, the 
small cylinder, was charged with VCM then attached to the rig 
5,51 
Plate 3.2.1 











Fig.3.2.1 	Schematic Drawing of Pressure Rig 
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via the pressure tight connections F and G. A and B, 250 cm  
storage cylinders, were filled with other liquids by removal 
of caps C and D and emptied through pipes L and N. All three 
cylinders were connected via narrow bore stainless steel 
piping to the mixing chamber H, which was in turn connected, 
via a small chamber I, to an outlet pipe K and an adaptor 
J. Pressure tight connections were made from J to external 
pressure vessels by use of Viton "0" rings. 0, W, Q, R, S, T, 
U, V, X and Y are Hone values, W and Q being the valves on the 
detachable small cylinder. 
3.2.3 The pendant drop cell 
In the later stages of the project the VCM was dried 
before use by standing for at least 24 hours over molecular 
sieve (B.D.H. Type 4A) in a pendant drop cell of roughly 
30 cm 3 capacity. The cell consisted of a detachable lid, 
incorporating a ball-valve to allow entry and exit of VCM, 
which formed a pressure tight seal to the cell body by 
compression of an "0" ring on insertion and tightening of 
three Allen screws. 
After assembling the cell, into which about 20g of 
molecular sieve held in a filter-cloth bag had been placed, 
a fine, hollow metal pi pe was positioned in the ball-valve 
stem. On connection of the cell to the rig at J, this pipe 
was forced down against the ball, causing the valve to be 
permanently open. This allowed evacuation of the cell prior 
to charging with VCN. 
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As with the small cylinder, the rig had to be purged 
of air before being used to manipulate VCM. 200 psi nitrogen 
pressure was admitted on opening valves N, 0, T, U and V, then 
N was closed and Y opened until the pressure fell to 30 psi. 
Y was then closed and N and X opened until the pressure in the 
rig and cell was 200 psi, after which the pressure was reduced 
to 30 psi via Y with N closed. The cell was further purged 
of air by another two cycles of pressurisation, after which all 
valves were shut. 
VCM was transferred from the small cylinder to the 
pendant drop cell by admitting nitrogen to the rig via N then 
opening valves 0, W, Q, U and X in this order. All valves were 
then shut again and the cell detached by unscrewing it from J. 
The VCM was then stored in the pendant drop cell till required. 
3.2.4 The test-tube cell 
Polymerisations were carried out in the test-tube cell, 
shown in Plate 3.2.2. The cell consisted of a metal cage 
enclosing a thick-walled glass test-tube of roughly 8 cm  
capacity. The lid of the cage incorporated a mushroom valve 
to allow entry and exit of VCM, and a seal between this valve 
and the test-tube was formed by compression of an 'o" ring 
when the two parts of the cage were screwed together. A 
scale was permanently fixed to the outside of the tube to 
allow an accurate measure of the volume of enclosed liquid to 
be made. 
In normal use initiator was weighed into the glass tube, 
then the cell was assembled and attached to the rig via a 
Plate 3.2.2 
The test-tube cell 
I 
- 74 - 
length of narrow bore connecting pipe, on one end of which 
was a piece compatible with the mushroom valve and which held 
it permanently open, and on the other end of which was a Hone 
valve with a connection compatible with outlet J on the 
rig. Air was excluded from the rig as described above, 
then nitrogen to a pressure of 200 psi was admitted to the 
rig and test-tube cell and released down to 30 psi using valve 
Y. After re-pressurisation to 200 psi the pressure was lowered 
to 100 psi through Y, then the water pump was attached to 
pipe K and the remaining pressure released through the 
pump. After evacuation for 5 minutes followed by a similar 
cycle of pressurisation to 100 psi, release and evacuation, 
air was adequately excluded from the cell. The Hone valve 
on the connecting pipe was then closed and the cell and 
connecting pipe detached from the rig. 
After attachment of the cell, via the Hone valve and 
narrow bore pipe, to the pendant drop cell containing VCM, 
monomer was condensed into the test-tube cell by surrounding 
it by a methanol/solid CO  slush bath and opening the Hone 
valve. After distillation of sufficient monomer the Hone 
valve was closed and the cell returned to room temperature. 
The connecting pipe was then unscrewed from the mushroom 
valve, and the twice distilled, air-free monomer in the 
test-tube cell polymerised as required. 
3.2.5 The electrophoresis cells 
The basic electrophoresis cell is shown in Plate 32.3., 
and the assembled cell after fitting of ball valves in Plate 
3.2.4. Three cells were constructed using the same basic 
Plate 3.2.3 




Assembled electrophoresis cell after fitting the ball valves 
7-T 
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design, two from borosilicate glass and one from quartz. 
Each cell consisted of a thick-walled capillary attached to 
two electrode compartments, the compartments also being 
joined by a larger bore cross-tube to allow equalisation of 
pressure throughout the cell. The front and back external 
faces of the capillaries were ground flat to reduce optical 
distortion during microscopic observation. Platinum wire 
electrodes were used and were fitted to the cells via 
glass/metal seals, and entry and exit of VCM was accomplished 
through the side arms. Compression of Viton washers between 
the ball valves and side arms, using detachable brass blocks 
and locking rings, allowed the cells to be made pressure tight. 
In normal use the cells were filled with VCM to about 
1 cm below the cross-tube, this required roughly 5 cm  VCM 
for the glass cells and 7 cm  for the quartz cell. 
3.3 Electrophoresis 
3.3.1 Theory 
Electrophoresis, one of the four electrokinetjc 
phenomena, is associated with the migration of charged, 
suspended material under the influence of an applied electric 
field. It allows the potential at the surface of shear 
between a particle and its double layer, the so-called zeta 
potential (see Fig. 2.2.1), to be measured. Of the several 
experimental techniques available for the measurement of 
electrophoretic mobilities, only microelectrophoresis can 
be applied to the study of dispersions in VCM because of 
the elevated pressures required. 
In microelectrophoresis a potential gradient is applied 
across the dispersion contained in a closed cell of known 
geometry, and the resulting particle motion directly observed 
and measured microscopically. As a consequence of the cell 
walls themselves being charged, a simultaneous electro-osmotic 
flow of the dispersion medium in the vicinity of the walls 
occurs when the electric field is applied. Since there can 
be no net transport of material in the closed cell, a 
corresponding return flow of liquid down the centre of the 
cell must occur (Fig. 3.3.1), resulting in a parabolic flow 
pattern throughout the cell. 
At any position in the cell the particle velocity 
actually measured is the resultant of the true electrophoretic 
velocity and the liquid velocity at that point. Only at two 
positions in the cell, the so-called stationary levels 
(Fig. 3.3.2) where the net liquid flow is zero, can the 
electrophoretic velocity be measured directly. 
The velocity, VLI  of the liquid at a distance r from 
the centre of a cylindrical capillary of radius a is the 
sum of a constant electro-osmotic flow, V eo , and a reverse 
flow which follows Poiseuille's law, so that 
V  = Veo - c(a 2 - r 2 ) 	 (3.3.1) 
where c is a constant. 
Since the total liquid transport must be zero, 
a 
f 	V  L (2yrr)dr = 0 	 (3.3.2) 
Combining and solving equations (3.3.1) and (3.3.2) yields 
----- 
2f,d 	 H 
-- -- stationary levels 
Fig.3.3.1 Liquid flow pattern due to electro-
osmosis in a closed electrophoresis 





Fig.3.3.2 Cross-sectional view through a 
cylindrical etectrophoresis cell, showing 
the position of the stationary levels 
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C = 2V/a 	 (3. 3.31 ) 
so that 
L V =V 	( 	1) L 	eo 2 (3.3.4) a 
The two stationary levels therefore occur where (na) 2 	0.5, 
i.e. at a distance of 0.293a from the front and rear inner 
capillary walls. 
The observed particle velocity, Vobs, at any position in 
the cell is then given by 
V V 
obs = E +V  L  =V +V E 	eo 	- 1) 	 (3.3.5) a 
where V  is the electrophoretic velocity. 
A graph of Vobs against (n/a) 2 is therefore linear, with 
slope 2V and intercept (yE - V), and the electrophoreticeo 
velocity can be obtained either directly from observations at 
the stationary levels, or from the slope and intercept of the 
above graph. 
Several equations, applicable to different values of Ka, 
are available for the conversion of electrophoretic velocity 
data into zeta potentials. For the situation of PVC particles 
suspended in VCM, where Ka. 	 77 <<1, the Huckel equation 	was 
used. If u is the electrophoretic mobility, equal to the 
electrophoretic velocity divided by the applied potential 
gradient, 	the zeta potential and E and n the permittivity 
and viscosity of the dispersion medium, the equation states 
that 
u = 	/1.5 r 	 (3.3.6) 
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Under the influence of the applied electric field 
during electrophoresis, counter-ions flow in a direction 
opposite to that of the particles and cause a corresponding 
liquid flow in this direction which opposes the motion of 
the particles and slightly reduces their electrophoretic 
velocity. This effect, known as electrophoretic retardation, 
is allowed for by the Huckel equation. Electrophoretic 
relaxation, arising from the distortion of the initially 
symmetrical double layers by the relative movement of the 
particles and their double layers and the consequent 
setting up of a retarding potential difference, is not 
allowed for by the Huckel equation, but can be ignored 
for PVC dispersions in VCM because the ion concentration is 
low enough to ensure that Ka is less than 0.1. 78 
3.3.2 Technique 
The electrophoresis cell, containing a dispersion 
of PVC particles in VCM, was positioned vertically in a 
thermostat bath mounted on the stage of an ultramicroscope 
(Rank Bros., Cambridge) . Water was used as the thermostat 
liquid and was maintained at a constant temperature to 
± 0.1 0C by circulation through an external thermostat 
unit (Haake Constant Temperature Circulator - Type FK10). 
To minimise the problem of convection within the cell it 
was found to be necessary to position a heat filter (Ealing 
Beck Ltd.) between the microscope lamp and dark ground 
condenser, and to employ a bath temperature as close to 
room temperature as possible, while immersing the cell up 
about 1 cm below the electrode glass/metal seals. A d.c. 
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potential of up to 450 V was applied across the cell using 
a voltage stabilised power supply and the magnitude and 
reversibility of this potential was checked using a high 
impedance digital voltmeter. 
Under the dark ground illumination conditions employed, 
in which the total magnification was 200X, the particles 
appeared as bright spots against a dark background. On 
application of a potential gradient they were timed, using 
a digital stop-clock accurate to ±0.02s, over a number of 
square graticules in one microscope eyepiece. The graticules 
were calibrated using a standard stage micrometer. In order 
to minimise both timing and Brownian motion errors, the 
number of squares was chosen such that timings were between 
4 and lOs. To minimise problems associated with electrode 
polarisation and electrolysis, the potential gradient was 
reversed after each timing. Only particles typical of the 
dispersion in terms of brightness and speed were timed. 
To conduct an electrophoresis run, at least eight 
particle timings were obtained at each of several levels 
throughout the front half of the cell, and the particle 
velocity at each level calculated by multiplying the average 
reciprocal time for the transit of one square by the length 
of a square side. A plot of particle velocity against (r/a) 2 
was then made, and the electrophoretic velocity of the 
dispersion obtained from the intercept predicted at (r/a) 2 = 0.5 
by least-squares analysis. The electrophoretic velocity was 
also measured directly at the front stationary level at regular 
intervals throughout the electrophoresis run, so that any 
variation in electrophoretic velocity as a function of time 
would be disclosed. 
On completion of an electrophoresis run the measured 
electrophoretic velocity was converted to the corresponding 
electrophoretic mobility by division by the applied potential 
gradient, and the electrophoretic mobility converted to the 
zeta potential by use of the Huckel equation. 
3.4 Evaluation of optical corrections and cell lengths 
The elevated pressures required to maintain the VCM 
in liquid form necessitated the use of thick-walled Mattson 
type capillaries 79 for the optical part of the electrophoresis 
cells. The flat outer and curved inner capillary walls together 
formed a piano-concave lens, and resulted in particles in the 
back half of the cell being subject to considerable astigmatic 
distortion, so that their real position could not be 
determined. Any particle timings in the back half of the 
cell were therefore rendered meaningless. 
Particles in the front half of the cell were undistorted 
but, as pointed out by Henry, 80 optical corrections were 
necessary to allow for the real/apparent depth effect of the 
piano -concave lens. These corrections were evaluated, as 
shown below, using equation (3.4.1). This equation was 
obtained after rearrangement of the expressions given by Shaw. 81 
= 
n3 au 
n1a - u(n 1 -n 2 ) 
+ d- (n -n 
n 	32 (3.4.1) 
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where u is the actual distance of the required point of 
observation from the front inner wall 
' is the apparent location of the point relative to 
the true position of the front inner wall 
n 1 is the refractive index of the liquid in the cell 
(1.364 for VCM at 200C) 
n2 is the refractive index of the cell material 
(1.46 for quartz, 1.475 for borosilicate glass) 
is the refractive index of the material immersing 
the microscope lens (air in this work) 
a is the capillary radius 
d is the minimum wall thickness 
Before equation (3.4.1) could be applied, a and d had 
to be measured for each cell. To measure the minimum 
thickness of each wall, the position of the cell relative 
to the microscope lens system was adjusted so that the centre 
plane of the capillary was in the centre of the field of view, 
then the microscope was focussed alternately on the outer and 
inner capillary surfaces and the focussing micrometer reading 
corresponding to each noted. d was then equal to the 
difference in the readings multiplied by the refractive 
index of the cell material. 
The three capillary radii were then calculated by 
subtracting the two minimum wall thicknesses for each cell 
from the outer flat-flat distance, measured using a micro-
meter. When the determination of a was repeated by 
measuring the weight of mercury in a measured length of 
capillary, the agreement was satisfactory. 
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The data thus obtained for each cell is given in 
Table 3.4.1 
Table 3.4.1 Flat-flat distance, wall thickness and 
capillary radius of each cell. 
Flat/flat 
Cell 	distance/pm 	Wall thicknesses/pin 	Radius/pm 
Quartz 	 6950 	 2110, 2200 	 1320 
Longer Glass 	6984 	 2739, 2804 	 720 
Shorter Glass 7000 	 2692, 2925 	 692 
As an example of the use of equation (3.4.1), the 
following calculation illustrates the evaluation of the 
distance to be moved from the apparent position of the 
front inner capillary wall of the quartz cell to focus on 
the stationary level. 
At the front inner wall u = o, so that 
2110 v = 	(1 - 1.46) = -664.8prn 
1.46 
This shows that the apparent position of the front inner 
wall is 664.8pxu nearer the microscope than its actual 
position. 
2 At the stationary level (r/a) = 0.5, r being the distance 
from the capillary axis to the point of observation, so that 
here 
r = (0.5 x 1320 x 1320)½ = 933.4pm 
and u = 1320 - 933.4 = 386.6pm 
1 x 1320 x 386 	
2110 (1 - 1.46) = 
1.364 x 1320 - 386.6(1.364 - 1.46)
-r 
 1.46 
= - 387.14m 
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The apparent position of the stationary level is 
therefore 387.1pm nearer the microscope than the true 
position of the front inner wall, and to focus on the 
stationary level one must move - 387.1-(-664.8) = 277.7um 
from the apparent position of the front inner wall. 
To carry out an electrophoresis run the reading on the 
microscope focussing micrometer corresponding to the front 
inner wall was noted and, using the results, given in Table 
3.4.2, of calculations identical to the one shown above, 
the micrometer reading corresponding to a given (na) 2 value 
was evaluated by addition. 
Table 3.4 .2 Distance to be moved from the apparent position 
of the front inner wall to focus different 
(r/a) 2 values 
(na) 2 
	
Distance to be moved/Mm 
















































To allow the potential gradient applied during electro-
phoresis to be accurately evaluated, the cell length of each 
cell had to be measured. The cell length of a capillary cell 
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is close to, but not exactly equal to, the geometrical 
length of the capillary, and must be determined 
Conductimetrically. 
The cell constant of each cell was obtained 81 by 
placing a KC1 solution of accurately known concentration 
in each cell and multiplying the resistance, measured using 
a conductance bridge, by the specific conductance of the KC1 
solution. Three different KC1 solutions in all were used, 
and each cell constant was found by averaging. The cell 
lengths were then calculated by multiplying the cell constant 
by the capillary cross -sectional area. The results are shown 
in Table 3.4.3. 
Table 3.4.3 Cell constant,capillary cross-sectional area 
and cell length for each cell 




Longer Glass 5.876 





sectional area/cm 2 
5.474 
1.631 
I . 502 
3.5 Preliminary investigations in the glass cells 
Initially it was hoped that a suitable PVC particle 
number for examination by electrophoresis could be obtained 
by carrying out polymerisatjons directly in the electrophoresis 
cells. A primary particle number high enough to allow timing 
of particles of average brightness moving at an average speed 
was required, yet the particle number had to be low enough 
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to ensure a fairly dark background under dark field 
illumination. 
In dark field microscopy light is scattered by each 
particle present, the particles appearing as bright spots 
against a dark background. The amount of light scattered 
by each particle, and hence its apparent brightness and size, 
is directly proportional to the refractive index difference 
between the particle and the dispersion ''edium. Under ideal 
conditions, when the refractive index difference is large, 
particles as small as 5 - 10 nm can be detected. 82 However, 
if too many particles are present, so much light is scattered 
that the background appears bright and only very large 
particles, which scatter a correspondingly large amount of 
light, can be detected against it. 
The procedure adopted in the preliminary experiments 
was to weigh enough thermal initiator, either lauroyl 
peroxide or dicetylperoxydicarbonate ("liladox"), into the 
empty cell to give a concentration of between 0.07 and 
0.3% w/v in the VCM. After assembling the cell, VCM was 
admitted to a level of about 1 cm below the cross-tube using 
the pressure rig, air being excluded if required. Poly-
merisation was then initiated by placing the cell in a 
thermostat bath at elevated temperature, and on reaching a 
suitable conversion was stopped by surrounding the cell with 
ice. The dispersion produced was then examined microscopically 
at room temperature. 
By using the microscope thermostat bath for the initial 
heating, it was possible to follow the course of poly- 
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merisatjons microscopically. it was always found that 
before a high enough primary particle number for reliable 
electrophoresis was obtained, the background was too bright 
to allow any selected particle to be followed throughout 
a timing. 
Only the very early early stages of the polymerisation 
were investigated by this technique, since polymerisation 
was always terminated by cooling as soon as the dispersion 
became visibly opaque, and at the very low conversions 
considered both basic and primary particles were present. 
The basic particles were too small to be readily seen 
individually, but were large enough, and present in 
sufficient numbers, to scatter enough light to give a bright 
background. Clouds of basic particles were frequently seen 
flowing just inside the front capillary wall when the cell 
was gently agitated, but these particles could not be seen 
when the dispersion was quiescent. In contrast, the much 
larger primary particles could be seen against the bright 
background even in the quiescent dispersion, but were not 
presenL in large enough numbers, and could not be followed 
far enough against the bright background, to permit reliable 
electrophoresis measurements to be made. 
When polymerisations were allowed to proceed to higher 
conversions the cell walls rapidly became heavily coated 
with polymer, completely obscuring the interior of the cell. 
It was therefore an inherent property of the system that 
a suitable primary particle number for electrophoresis could 
not be obtained by means of the direct polymerisation in the 
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electrophoresis cell, and polymerisation in an external 
vessel followed by dilution of the dispersion produced with 
pure VCM, as described later, was necessary. 
When the thermal polymerisation, under microscopic 
observation, was caused to proceed slowly, either by using 
a low initiator concentration or a low polymerisation 
temperature, it was almost invariably found that the back- 
ground was brighter, and the cell walls more heavily coated, 
at the point in the capillary where the microscope lamp had 
been shining than further along. This suggested that the 
microscope illumination system, which focussed a large amount 
of heat and light onto a very small volume of dispersion, 
caused an increase in the rate of polymerisation, and prompted 
an investigation of the photochemical polymerisation of VCM 
in the electrophoresis cells in the absence of initiator. 
3.6 Photochemical polymerisation, and confirmation of the 
existence of basic particles 
The behaviour of VCM, under prolonged illumination from 
the microscope lamp, was investigated in the glass electro-
phoresis cells at different temperatures in the absence of 
thermal initiator. The proceedure adopted involved filling 
the cell with VCM, with exclusion of air, to about 1 cm below 
the cross-tube then placing it in the microscope thermostat 
tank at the required polymerisation temperature. With the 
light source focussed on the stationary level, the cell was 
left undisturbed and the course of the polymerisation followed 
microscopically. 
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It was first confirmed that no polymerisation of initiator 
free VCN occurred in the absence of light from the microscope. 
Different VCM samples were left for extended periods in the 
thermostat tank at 21, 30, 40 and 60 0C with the light only 
on very infrequently to allow checks for any evidence of 
polymerisation to be made. No polymerisation was found. 
During light initiated polymerisations at 40, 50 and 60 °C 
it was found that the same portion of monomer had to remain 
undisturbed for an extended period in the light beam to get 
polymerisation. If the monomer was frequently mixed, either 
by a vigorous convection current or by regular agitation of the 
cell, no polymerisation occurred. Under quiescent conditions 
the background at the point of observation eventually became 
very bright and large numbers of particles were seen, especially 
around the fringes of the brightness. If the dispersion was 
thoroughly mixed soon after brightness was attained, by 
agitating the cell, the background became dark again with 
very few particles visible. If the dispersion was again 
left undisturbed the background eventually became bright 
again, becoming dark on mixing, and this cycle could be 
repeated indefirtely. 
The time taken to attain brightness for the first time 
was independent of the polymerisation temperature, but was 
widely variable under apparently identical conditions. The 
amount of convection within the cell, and consequently the 
degree of mixing of the dispersion at the point of illumination, 
seemed to be the most important factor in controlling the rate of 
polymerisation. 
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If the same portion of dispersion was allowed to 
remain for an extended period at the point of illumination 
after brightness was first achieved, a high enough primary 
particle number for electrophoresis and electron microscopy 
could be obtained throughout the dispersion by subsequent 
agitation of the cell. 
Plate 3.6.1 is atr iu,.electron micrograph of PVC 
basic and primary particles under 95,400 times irfication. 
3 They were produced by a photochemical polymerisation of 3.8 cm 
VCM, added to the longer glass cell through the pressure rig 
using 145 psi nitrogen pressure. A backing nitrogen pressure 
of 100 psi had been admitted to the cell before the charging 
with VCM to prevent undue boiling of the monomer as it tried 
to attain its saturated vapour pressure at the polymerisation 
temperature. 
The cell was cooled in ice for 5 minutes then placed in 
the microscope tank therntostatted at 50 0C. After focussing 
the light source and optics on the stationary level, the 
cell was left undisturbed under constant intensity illumination 
from the 100 w quartz/halogen light source bulb. The entire 
field of view was bright after 23 minutes, and after 3 hours 
opaqueness had extended to one end of the capillary. At 
this point the cell was removed from the tank and inverted 
several times to ensure thorough mixing of the dispersion, 
then allowed to cool to room temperature. The primary particle 
number throughout the dispersion was now 40 per graticule, 
this was unchanged after standing overnight at room 
temperature. 
Plate 3.6.1 
7r4-sdI,s'.,1. electron micrograph of a PVC 
dispersion produced by photochemical 
polymerisation - both basic and primary 
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To enable the dispersion to be preserved for examination 
by electron microscopy it was extracted into methanol. The 
pressure rig was used to force methanol from one of the large 
storage cylinders into the cell, then the VCM was slowly 
vented off and the methanolic dispersion poured out of the 
cell into a glass sample bottle. 
Despite the fact that rapid aggregation of the dispersion 
occurred on addition of the methanol, and that the dispersion 
was stored for 35 days before the micrograph was obtained, 
plate 3.6.1 clearly shows that many basic particles still had 
not been accreted into primary particles. Two factors are 
likely to have contributed to the unusually high basic 
particle stability; firstly, the particle concentration in 
the methanolic dispersion was extremely low compared to that 
normally found in colloidal dispersions, and second, an 
adsorbed layer of methanol was probably formed around the 
particles, effectively transforming the dispersion from a 
lyophobic to a lyophilic one. This later type of effect was 
described by Carenza et al
. 
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ALLempts were made to obtain further micrographs of 
basic particles by extracting, into hexane or methanol, 
dispersions produced by photochemical Polymerisation for 
2 or 3 hours at 50 or 60 0c, but the resulting particle number 
was always too low for electron microscopy. Apparently the 
photochemical polymerisation which yielded plate 3.6.1 
proceeded much faster than the other polymerisations. 
The exact mechanism by which the light source initiates 
Polymerisation is unclear, but it seems unlikely to be due 
to the extra heating effect of the lamp, since the thermo-
stat bath temperature had no effect on the rate of the 
photochemical polymerisation. A true photochemical effect 
must therefore be responsible, and the most likely mechanism 
involves a photosensitized reaction between monomer and 
adsorbed impurities at the glass/VcN interface. 
Since the photochemical polymerisation is totally 
irreproducible in rate, and is of little practical 
significance because of its slowness, it was decided to 
revert to a study of chemically initiated VCM polymerisation. 
This was now carried out in the test-tube cell (see section 
3.8) to try to obtain better control over the particle 
number present in the electrophoresis cells. 
3.7 Initial electrophoresis measurements in the glass cells 
Although an ideal primary particle number for electro-
phoresis measurements could be obtained from the photo-
chemical polymerisations, when a potential gradient was 
applied across such a dispersion in the glass cells the 
particles did not exhibit true electrophoresis, as defined 
by van der Minne and Hermanie. 41 Instead, they usually 
moved very erratically, typical behaviour involving a rapid 
jump over perhaps three graticule squares in one direction 
immediately on the field being applied, followed by a slow, 
regular movement back in the other direction as long as the 
potential was applied. When the potential was removed the 
particles jumped rapi(ly over perhaps two graticule squares 
in this second direction then became stationary. The 
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direction of each movement reversed on the potential being 
reversed. As the applied potential was reduced the speed 
and distance of the irregular jumps was also reduced, the 
particles becoming immobile on reducing the potential past 
a certain point. 
Alternatively, it was occasionally found that there 
was a 2 or 3 second delay before the particles responded to 
the field being applied or removed, apart from this they 
moved regularly at constant speed. 
As a consequence of this irregular behaviour, which was 
found after both chemically and photochemically initiated 
polymerisations, it was possible to conclude only that the 
PVC particles were always negatively charged, the magnitude 
of their charge could not be evaluated with any confidence. 
Van der Minne and Hermanie, 4 ' in their investigation of 
electrophoresis in liquids of low dielectric constant, also 
encountered the problem of a delay in response when the 
potential gradient was applied. They accounted for this 
behaviour in terms of the finite time required to build up 
an electric field between the two electrodes under condit- ions 
of very low dispersion medium conductivity. 
Van der !vlinne and h'ermanie also gave an account of the 
phenomenon of dielectrophoresis,which involves the migration 
of particles of higher dielectric constant than the dispersion 
medium to the region of highest field energy in a non-homogeneous 
electric field. Dielectrophoresis had originally been described 
and explained by Pohl, 83 together with a comparison with 
84 electrophoresis, and Parreira 	later published a more 
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rigorous analysis of the inter-relation between the two 
phenomena. 
For the situation of the PVC dispersions in the glass 
cells, there seems little doubt that the initial rapid 
movements on application of the potential gradient were due 
to dielectrophoresis, and persisted only as long as a non-
homogeneous electric field was present. As soon as the field 
within the capillary became homogeneous, normal electrophoresis 
resulted. When the alternative behaviour of a delay in 
response followed by regular movement was found, the field 
within the capillary was at all times homogeneous but took a 
finite time to build up to its final value. Which of the 
two types of behaviour was found depended on whether or not 
a non-homogeneous field was formed during the building up of 
the final homogeneous field, and this in turn was determined 
by the relative amounts of current carried through the 
dispersion medium and along the cell walls. 
For a non-homogeneous electric field to be set up in 
the capillary of the electrophoresis cells, the lines of 
electric force within the capillary must be non-parallel. 
Under conditions of negligible conductance along the 
capillary walls no lines of force terminate on the walls, 
and within the capillary the lines of force are at all times 
parallel. A homogeneous electric field, rising to its 
final strength at a rate determined by the conductivity of 
the dispersion medium, is therefore set up. 
When significant conduction along the capillary walls 
is possible, the field within the capillary is at first 
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strongly divergent due to termination of lines of force on 
the walls. Eventually, when enough current has flowed 
through the dispersion medium to build up the normal lines 
of force in the liquid between the two electrodes, the 
divergent component of the field is largely swamped and 
electrophoresis predominates over dielectrophoresjs. 
Although timings could be made on the regular return motion 
of the particles after cessation of the initial rapid 
dielectrophoretic movement, any such timings would be 
meaningless due to leakage of some of the applied field 
to the cell walls causing the actual field within the 
capillary to be unknown. 
To ensure reliable electrophoresis, conductance along 
the cell walls must be eliminated, and the conductivity of 
the dispersion medium should be large enough to allow the 
electric field through the liquid to attain its final 
strength rapidly. 	It was hoped that greater control over 
the charge carrier content, and hence the Conductivity, of 
the dispersion medium could be achieved by carrying out 
the polymerisatiorsextery in the test-tube cell and 
only transferring a sample of the concentrated dispersion 
to the electrophoresis cells. 
3.8 Initial experiments with the test-tube cell 
The test-tube cell was employed so that chemically 
initiated polymerisations could be taken to much higher 
conversions than was possible in the electrophoresis cells, 
where particle adsorption to the cell walls greatly limited 
the conversion range which could be investigated. By 
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transferring only a small amount of concentrated dispersion 
to the electrophoresis cells, and diluting this dispersion 
with pure VCM, great control over the particle number present 
was anticipated, regardless of the conversion. 
So that liquid volumes within the test-tube cell could 
be accurately determined, a uniformly graduated scale was 
glassblown onto the outside of the glass tube. The scale 
was calibrated by pipetting exactly known volumes of water 
into the tube and noting the corresponding readings, so that 
a straight line graph of volume against scale reading could 
be drawn. A least squares analysis of the data yielded the 
expression 
V = (0.9803 x scale reading) + 29.77 	 (3.8.1) 
where V is the liquid volume in the tube in cm 3  
When a thick walled vessel is placed in a thermostat 
bath, a finite time is required for the contents of the 
vessel to attain the bath temperature. It was therefore 
necessary to determine the time required for the test-tube 
cell contents to attain the polymerisation temperature after 
insertion in a thermostat bath, and also the time taken for 
their temperature to fall below 20 °c on rapid cooling of the 
cell in a slush bath. (It can be assumed that with the 
thermal initiators employed no polymerisation occurs below 
200C) 
The cell was assembled without the mushroom valve and a 
liquid of the same heat capacity as 5 cm 3 VCM injected into the 
tube. (Either 3.62 cm  ethanol or 3.66 cm  propanol was used). 
The probe of a Comark electronic thermometer was then inserted 
- 96 - 
through the valve port into the liquid, and held within the 
liquid and clear of the tube walls by use of a cork in the 
top of the valve stem. The thermometer was linked to a 
Servoscrjbe Chart recorder and temperature/time traces 
drawn corresponding to the cell being heated from 0 up to 
30, 40---90°c, then cooled in a slush bath at -30 0C. 
It was found that when the cell was placed directly 
in the thermostat bath at the required polymerisation 
tempi-ature, its contents reached the bath temperature 
slowly and asymptotically (Fig. 3.8.1(A)). However, if the 
cell was pre-heated for an empirically determined period 
at 90°c immediately before insertion in the bath at the 
required temperature, the polymerisation temperature was 
attained much more rapidly (Fig. 3.8.1(B)). The duration 
of the pre-heat was chosen so that the temperature profile 
eventually just levelled out at the required temperature, 
without the overshooting shown in Fig. 3.8.1(c). 
The total time required for the cell contents to reach 
the polymerisation temperature from 0 0C was then evaluated 
using the time base of the chart recorder, as was the time taken 
to fall below 20°c on insertion into the slush bath, and the 
results are shown in Table 3.8.1. In the table, column A 
gives the pre-heat time at 90 °c which just avoids overshooting 
the polymerisation temperature T, column B gives the total 
time (including pre-heating) required to attain T from 0 °C 
and column C gives the time required to cool to 20 0C in the 
slush bath. Since the times given in the table are all small 
relative to the normal polymerisation times used, the effect 
T 
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of the finite heating/cooling time is also small. Neverthe-
less, to minimise its effect when the polymerisation 
temperature was changed, in a Polymerisation required x 
seconds at a given temperature the cell was actually given 
X + B - A - C seconds in the bath at this temperature. 
I- 
Table 3.8.1 	Results from test-tube cell heating/cooling curves 
Polymerisation Pre-heat 	Total time to Time to cool to 
Temperature(T)/ °C at 90°C(A)/S 	reach T from 0°C(B)/S 20°C from T(C)/S 
70 80 154 72 
60 60 146 66 
50 47 116 60 
40 31 90 48 
30 20 78 33 
It had been found that when the electrophoresis cells 
were filled with VCM directly from the small cylinder 
through the rig using nitrogen pressure, impurity particles 
were always admitted with the monomer. The impurity particle 
concentration was typically 30 in the microscope field of 
view. However, when the cells were filled by distillation 
from the top valve of the small cylinder, no impurity 
particles appeared. The impurity particles, which were 
always Positively charged, were thought to be due to a 
combination of iron oxide from the stainless steel pipes 
and PVC deposits from the small cylinder, and were shown 
to have no effect on the course of the photochemical poly- 
merisation. 
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During the first polymerisations in the test-tube cell, 
initiator and any other required additives were weighed 
into the glass tube then the cell was assembled. The glass 
electrophoresis cells were also assembled. Each cell was 
then charged with VCM by distillation through the rig from 
the top valve of the small cylinder, attached to the rig 
at G (Fig. 3.2.1). The distillation was accomplished by 
attaching the cell to the rig at J so that its valve was 
pricked open, then surrounding the cell with a methanol/ 
solid CO  slush bath and opening valves W, U and X. The 
electrophoresis cells were filled to around 1 cm below their 
cross-tubes, with about 4.5 cm  VCM being admitted to the test-
tube cell. Air was not excluded from the test-tube cell during 
the initial polymerisations. 
The test-tube cell contents were polymerised by 
immersion of the cell in a thermostat bath at elevated 
temperature and polymerisation was quenched using a methanol/ 
solid CO  slush bath. A small sample of the dispersion 
produced then had to be diluted with the pure VCM in the 
electrophoresis cells, and this transfer step presented 
considerable problems. 
In the first method of transfer tried, the electro-
phoresis and test-tube cells were cooled simultaneously 
in slush baths so that the vapour pressure of their contents 
was less than atmospheric. The top was then removed from the 
test-tube cell along with a valve from the electrophoresis 
cell, and a sample of dispersion transferred using a chilled 
dropper. During the transfer, a sample of the concentrated 
dispersion was also sprayed straight from the chilled dropper 
- 99 - 
onto microscope slides. The monomer immediately evaporated, 
leaving a thin film of deposited polymer which was suitable 
for direct examination and photography under the electron 
microscope. 
The method of transferring dispersion by chilled dropper 
was found to be unsatisfactory because significant amounts of 
water vapour condensed into the cells while they were 
dismantled. Also, monomer tended to evaporate from the 
dispersion during the transfer, leaving polymer deposited on 
the dropper and electrophoresis cell. Nevertheless, it was 
possible to obtain a suitable particle number for electro-
phoresis in the glass cells by this technique, although 
irregular, dielectrophoretic type movements were always 
present when a potential was applied. Dielectrophoresis 
could be eliminated by the presence of around 3 mg Tetronic 
7Q785 in the electrophoresis cells, but KC1, LIC1 and Aerosol 
OT all failed to accomplish this. 
Elimination of dielectrophoresis by the random addition 
of ionic surfactants to the electrophoresis cells was 
unacceptable in any case, because of the unknown effect on the 
particle zeta potential. Any surfactant used had to be 
present in the test-tube cell during polymerisation, and to 
be transferred to the electrophoresis cell with the dispersion 
so that measured zeta potentials corresponded to those actually 
operating during the polymerisation. When Tetronic 707 was 
present only in the test-tube cell, not enough could be 
transferred with the dispersion to eliminate dielectrophoresis 
in the electrophoresis cells. 
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As pointed out in section 3.7, it was felt probable 
that the dielectrophoresis found on attempting electro- 
phoresis measurements in the glass cells was due to excessive 
conductance along the cell walls. Two mechanisms for this 
surface conductance, one of which is due to the inherent 
conductance of the glass itself, 41,86 probably operate 
simultaneously. Borosilicate glass contains sodium ions 
as network modifiers, these ions act as ionic conductors 
and therefore confer a relatively high, temperature 
dependent conductivity to the glass. 
Also, glass surfaces are relatively hydrophilic 
because of the presence of a large number of surface 
silanol groups, resulting from unsaturated valencies of 
the glass constituent atoms. Water molecules within the 
VCM tend to accumulate near the cell walls due to hydrogen 
bonding to the silanol groups, and a second mechanism of 
surface conductance is then possible by proton transfer 
through the surface water molecules. 
It was felt that the problem of surface conductance 
could be conidcrab1y reduced by the use of electrophoresis 
cells constructed from quartz rather than borosilicate glass. 
The structure of quartz is much simpler than that of ordinary 
glass, 86 with the number of intestitial metal ions being 
considerably lower, so that the inherent conductivity of 
quartz is a factor of roughly 100 less than that of glass. 
Quartz is also much less hydrophilic than glass since it has 
a much lower silanol group content, so that localisation of 
water at the cell/VCM interface should be reduced. 
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The construction of an electrophoresis cell from 
quartz rather than glass was a formidable problem, in view 
of the greater hardness and higher melting temperature of 
quartz, but a cell incorporating a quartz capillary of 
adequately uniform bore was eventually built by ICI Ltd., 
and the electrophoretic behaviour of PVC dispersions in 
this cell was investigated. 
3.9 Electrophoresis measurements in the quartz cell 
To reduce the water concentration in the VCM in the 
quartz cell, and so minimise its contribution to conductance 
along the capillary walls, the monomer was dried over molecular 
sieve in the pendant drop cell, as described in section 3.2.3, 
before being condensed into the quartz cell. The concentrated 
dispersion was then flowed directly from the test-tube cell 
into the quartz cell through a narrow bore pipe, as described 
below, so eliminating condensation of water vapour into the 
cells during transfer. 
The direct transfer of dispersion to the quartz cell was 
made through two lengths of narrow bore stainless steel 
tubing connected by a Hone valve. The tubing was attached to 
the two cells so that their valves were pricked open then, 
with the test-tube cell held upside down above the quartz 
cell, transfer was effected on opening the Hone valve. The 
vapour pressure of the VCM in the quartz cell, which prevented 
liquid flow, was overcome either by use of a positive 
nitrogen pressure in the test-tube cell, or by cooling the 
quartz cell in a slush bath. After transfer of a suitable 
quantity of dispersion to the quartz cell, samples were 
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obtained on microscope slides for later examination by 
electron microscopy by spraying the dispersion directly 
from the test-tube cell onto the slides. 
Whether the transfer was made using chilled droppers 
or the connecting pipe, the concentrated dispersion was 
almost invariably found to be coagulated on entering the 
electrophoresis cells. This coagulation occurred after 
the direct transfer, regardless of whether a positive 
nitrogen pressure or cooled electrophoresis cell had been 
used, and so was not caused by temperature gradients 
involved in the transfer. Also, when a dispersion which 
was stable in the test-tube cell was allowed to flow 
through the connecting pipe into an empty electrophoresis 
cell, the dispersion was found to be heavily coagulated 
on entering the cell. 
These observations are indicative of orthokjnetjc 
coagulation, resulting from the setting up of shear fields 
on forcing the dispersion to flow rapidly through narrow 
orifices. The stability of a dispersion against ortho-
kinetic coagulation is determined by the force between the 
particles. This is equal to the slope of the relevant total 
potential energy against separation graph, and is very small 
for most dispersions in non-aqueous media (see Fig. 2.4.4 (IV)). 
It would therefore be expected that PVC dispersions would be 
very susceptible to orthokinetic coagulation. 
Despite the removal of a large amount of polymer by 
the coagulation on transfer, a sufficiently high primary 
particle number to allow meaningful electrophoresis was 
always obtained after the direct transfer to the quartz cell. 
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This meant that the orthokinetic coagulation was of little 
consequence, provided it could be shown that it did not 
cause preferential coagulation and removal of less highly 
charged and therefore less stable particles. The following 
argument strongly suggests that fractionation was indeed 
unlikely to occur. 
In the presence of a shear field of velocity gradient 
du/dz, J/I, the ratio of the rate of orthokinetic to pen-
kinetic coagulation, is given by 87 
n(R..) 3 du/dz 
J/I =  
2kT 
(3.9.1) 
where n, k and T are the viscosity, Boltzmann constant and 
absolute temperature, and R. is the radius of collision of 
1 3 
particles ± and j. (To a good approximation R± = r 1 + r 1 
where r is the particle radius) . Thus, for any given 
system, the ratio J/I depends mainly on the rate of shear 
and the particle radii. 
The ratio J/I must have been very large while the PVC 
dispersions were flowing through the connecting pipe, as 
extensive coagulation of dispersions which had been stable 
in the test-tube cell was found immediately after the transfer, 
indicating that the time scale of the orthokinetic coagulation 
was very short. Since J/I was very large during the period 
of flow through the pipes, the shear force for this period must 
have been very much greater than the stabilising double layer 
force, which was effectively swamped. For fractionation to 
occur the double layer and shear forces would have to be 
similar, so that the shear force could coagulate only the 
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less highly charged particles. Under the conditions 
experienced during transit through the pipes, all 
particles would be subject to shear coagulation, regardless 
of their charge. 
Although it would be very difficult to calculate the 
actual velocity gradient pertaining to the flow of the 
PVC dispersions through the pipes and valves, this must be 
very large in view of the relatively high volume of 
dispersion passing through the small orifices of the 
valves, so it seems not unreasonable that J/I should be 
very large for the PVC dispersions. 
The washing procedure which had been used for the two 
glass cells involved leaving the cells overnight in tetra-
hydrofuran (THF) then filling them for 5 minutes with a 5% 
hydrofluoric acid (HF) solution. The cells were then rinsed 
copiously with double distilled water and dried in an oven 
at 100°C. 
Since the inner capillary wall of the quartz cell was 
already somewhat etched even in the new cell, it was decided 
not to use HF during washing in case the etching was increased 
and the surface made non-transparent. The first washing 
procedure used for the quartz cell involved leaving it over-
night in THF then rinsing it with AnalaR acetone, which was 
removed with dry nitrogen. Unfortunately, this procedure 
rendered the cell walls positive and promoted rapid aggregation 
of the negative PVC particles to the walls. 
When a sample of concentrated dispersion was transferred 
to pure VCM in the quartz cell and an electrophoresis run 
attempted, it was found that, for positive cell walls, the 
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particles moved regularly without any dielectrophoretic 
behaviour for perhaps 20 minutes, thereafter their mobility 
decreased, although it could be restored by agitation of the 
cell. Even after the mobility had completely died away, a 
considerable current still flowed on application of a 
potential across the cell. The presence of this current, 
coupled with the fact that the platinum electrodes had 
been platinized! 88 suggested that electrode polarization was 
not responsible for the loss of particle mobility. 
The most likely explanation for the loss of particle 
mobility is that the extensive particle adsorption to the 
walls so reduced the charge carrier content of the 
dispersion medium within the capillary that the current 
was conducted, both by particles and counter-ions, almost 
exclusively along the capillary walls. Under these 
conditions the potential drop was mainly between the 
electrodes and walls 41 rather than between the two 
electrodes, so that the potential drop actually across the 
dispersion medium within the capillary was very small, 
causing the measured particle mobility to reduce to 
zero. 
This situation, of the current being carried along 
the cell walls rather than through the dispersion medium, 
resulted in dielectrophoresis in the glass cells. Dielectro-
phoresis, which only occurs in strongly divergent fields, 83,84 
did not occur in the quartz cell because the greater capillary 
radius of the quartz cell compared to the glass cells meant 
that the divergence of the electric field at any point in 
the quartz capillary was much less than in the same situation 
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in the glass cells. This explanation is supported by 
the fact that when the applied potential across dispersions 
in the glass cells was reduced, the length of the particles' 
dielectrophoretic jump was also reduced, and eventually, when 
the applied potential was reduced past a certain point, the 
particle mobility disappeared altogether. 
Ideally, for work on dispersions in media of low 
conductivity, a four electrode electrophoresis cell should 
be used, 89 the extra two electrodes being used to monitor 
the potential actually across the liquid in the capillary. 
Unfortunately, a four electrode cell could not be 
constructed for use with dispersions in VCM because of the 
problems involved in obtaining a pressure-tight seal for 
the extra two electrodes, while keeping them insulated from 
the rest of the cell. 
When the washing procedure for the quartz cell, after 
treatment with THF, was changed to copious rinsing with 
double distilled water and drying in the oven at 1000C, 
the cell walls were found to be negatively charged, and 
the problem of rapid particle adsorption to the walls was 
consequently much reduced. A series of experiments were 
completed in which dried, oxygen-free VCM was polymerised 
in the test-tube cell, using 0.05% w/v Liladox initiator, 
for different periods at 70°c, and the resulting dispersions 
examined in the quartz cell after direct transfer through 
the connecting pipe. It was found that the electrophoresis 
measurements were much less time dependent than had been 
the case when the cell walls were positive, and the zeta 
potentials shown later, in Table 3.9.1, were obtained. 
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A sample of each dispersion was preserved on microscope 
slides for electron microscopy, and the micrographs 
corresponding to runs 75, 76 and 80 are included on 
Plate 3.9.1. The average primary particle radius of 
each dispersion was obtained from its micrograph by direct 
measurement of the diameter of about 12 particles. The 
actual particle diameter was calculated by multiplying the 
apparent diameter by 1.145, to allow for the shrinkage 
occurring due to evaporation of monomer from the particles 
on slide preparation 	(Since, during Polymerisation, each 
particle is composed of 2 parts polymer to 1 part monomer, 
evaporation of monomer during slide preparation decreases 
their volume by 1/3) 
Knowing 
the particle radius, a, and zeta potential, c, 
the total charge, Q, per primary particle, in elementary 
charges, may be calculated from the expression 90  
Q = 47c 
o 
e r a/e 	
(3.9.2) 
where 6  is the relative Permittivity of VCM at the 
temperature at which the electrophoresis measurements 
were obtained 
is the Permittivity Df a vacuum 
e is the proton charge (1.6021 x 	C). 
The data obtained from the experiments described above are 
summarised in Table 3.9.1. 
(A) 	 (B) 
Run 75 	 Run 76 
(C) 	 (D) 
Run 80 	 Run 67 
(with 80 ppm Tetronic) 
Plate 3.9.1 
Scanning electron micrographs of PVC dispersions produced 
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Table 3.9.1 Results from polymerisations at 700c 
Run 	Period of Polym./min 	10 	 x /V 	1o8 x a/rn Q 
73 6 -67 11 24 
75 8 -92 16 48 
76 4 -85 15 42 
80 10 -61 17 34 
From the table it is immediately apparent that there is 
no correlation between particle radius and period of poly-
merisation, indicating that each polymerisation did not 
proceed at the same rate. This suggests that the test- 
tube cell contained different residual amounts of oxygen at 
the start of each polymerisation. Although the purging 
procedure employed for the test-tube cell prior to each 
polymerisation was identical, this procedure was apparently 
inadequate, and was improved for future work by increasing 
the number of cycles of pressurisation and release described 
in section 3.2.4, and by use of an cxtra "0" riny 
at the connection between the mushroom valve and the narrow 
bore connecting pipe. 
In order to investigate the mechanism by which the 
primary particles acquired their charge, it was necessary 
to see how the charge per primary particle changed as the 
particles grew throughout a polymerisation. This involved 
terminating identical polymerisations at different degrees 
of conversion, and measuring the zeta potential and particle 
radius. No systematic variation in particle charge as a 
function of radius is apparent from the data in Table 3.9.1, 
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but the variation in particle radius from run to run is 
too small to adequately illustrate such an effect. A 
means of obtaining primary particles having a much larger 
range of radius was required. 
In simple bulk or suspension VCM polymerisatjofl5 with 
no added particle stabilisers, the size range over which 
the primary particles are stable is very limited, since 
they coagulate at around 12% conversion. However, if a 
primary particle stabiliser such as Tetronic 707 85 is 
present, the particles are stable up to much higher 
conversions. Dried, oxygen-free VCM containing 50-100 ppm 
Tetronic was therefore Polymerised for different periods at 
70°C in the test-tube cell, and the dispersions produced 
examined in the quartz cell, in the hope that a larger 
primary particle size range could be achieved. 
It was found that the use of Tetronic in the test-
tube cell resulted in two major differences from the 
previous experiments. Firstly, as is apparent from 
micrograph (D) on Plate 3.9.1, which shows the dispersion 
produced by Polymerisation of VCM containing 80 ppm Tetronic 
for 3 minutes at 70 0c, the presence of Tetronic resulted in 
the formation of much smaller primary particles than were 
formed after the same period of polymerisation in its absence. 
Secondly, when Tetronjc was present, the quartz cell walls 
were again rendered positive, resulting in the electrophoresis 
results again being very time dependent due to rapid particle 
aggregation to the walls. 
Since zeta Potentials measured early in the electrophoresis 
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were similar to those previously measured in its absence, 
it appeared that Tetronic did not greatly affect the 
particle charge, and so was adsorbed to the particles in 
an un-ionised form. Conversely, in the region near the 
cell walls, where more water was present, the Tetronjc was 
protonated and conferred its positive charge to the walls 
on adsorption. 
Since the presence of Tetronjc resulted in the 
primary particles being too small to be easily followed 
throughout a timing, and also caused the electrophoresis 
measurements to be very time dependent, it was decided to 
discontinue its use, and to revert to simple, unstabiljsed 
polymerisatjons. It was hoped that by careful control of 
the extent of each polymerisation, sufficient variation in 
particle radius to allow an investigation of charge as 
a function of radius would just be possible. 
In addition to investigating particle charge as a 
function of radius, it was necessary to compare dispersions, 
produced at different temperatures, at the same degree of 
conversion, so that it could be discovered whethcr there was 
a systematic variation in particle charge as a function of 
polymerisation temperature. This later study was essential 
to the investigation of the observation 39 that, in the 
unstabiljsed thermal polymerisation, the critical primary 
particle radius at which coagulation occurred was smaller 
the lower the Polymerisation temperature. 
3.10 Evaluation of conversion/time graphs 
As a Preliminary to investigations of particle charge 
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as a function of radius and polymerisation temperature, 
calibration graphs showing percentage conversion against 
time of polymerisation were evaluated for polymerisations 
at 50 and 70°c in the test-tube cell, so that polymerisations 
at these two temperatures could be terminated at the same 
degree of conversion. 
The procedure adopted was to weigh the empty test-
tube cell tube then add 2.3 mg Liladox, this being 
sufficient to give a concentration of 0.05% w/v in the 
VCM. After assembling the cell, air was thoroughly 
excluded and dried VCM condensed in from the pendant drop 
cell. The cell was then returned to room temperature, 
pre-heated at 90°C then placed in the thermostat bath at 
50 or 70°C. After termination of polymerisation by 
quenching in a slush bath, the cell was connected to J 
on the pressure rig (Fig. 3.2.1) and the unpolymerised VCM 
allowed to evaporate slowly as the cell warmed up. The glass 
tube was then removed from the cell, dried in the oven at 
1000C for at least an hour then reweighed. The percentage 
conversion was calculated from the weight of polymer 
formed. 
Between polymerisations, the glass tube was cleaned by 
immersion in two separate portions of THF for at least an 
hour, followed by copious rinsing with double distilled 
water and drying overnight in the oven at 1000C. 
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The results obtained are listed in Tables 3.10.1 and 
3.10.2. 
Table 3.10.1 	Percentage Conversion and Period of 
Polyr 1erisation at 70°c 
Period of 	 Percentage 
Polymerisation/min 	 Conversion 
2 	 0.57 ± 0.05 
5 1.66 ± 0.04 
10 	 3.87 ± 0.07 
15 5.42 ± 0.11 
20 	 7.50 ± 0.10 
Table 3.10.2 	Percentage Conversion and Period of 
Polymerisation at 50°C 
Period of Percentage 
Polymerisation/min Conversion 
10 0.48 	± 	0.06 
30 1.52 	± 	0.07 
60 3.02 	± 	0.08 
75 4.73 	± 	0.11 
90 6.40 	± 	0.12 
105 7.43 	± 	0.13 
123 8.85 	± 	0.15 
The data tabulated above is shown on Figs. 3.10.1 
and 3.10.2. The linear plot obtained at 70 0c shows that at 
this temperature polymerisation proceeds at a constant rate 
up to 7.5% conversion. In contrast, at 50 °C there is an 
obvious rate acceleration beyond 3% conversion. This rate 
acceleration is thought to result from the temperature of the 
cell contents being raised above the thermostat bath temperature 















Period of Pot ymerisution/minutes 
Fig. 3.10.1 	Conversion/ Time Graph for 
Polymerisation at 70°C 













Period of Polymerisation /minutes 
Fig. 3.10.2 	Conversion / Time Graph for 
Potymerisution Qt 50 0 0 
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by the heat liberated during the polymerisation, and is only 
apparent at 50°C because of the lower bath temperature and 
correspondingly slower polymersjatjon rate. 
The initial slopes of the two graphs were used in con-
junction with the Arrhenius equation to calculate the 
activation energy of bulk VCM Polymerisation. The value of 
94 kJmol 	found was in satisfactory agreement with the 
figure of 22 k cal mol 1  (92 kJmol) quoted by Mickley 
et al 15 and Bengough and Norrish. 12  The temperature 
corresponding to the final slope of Fig. 3.10.2 was then 
calculated to be 53.5 °c, indicating that the heat liberated 
during the polymerisation raised the temperature of the cell 
contents by 3.5 0C. 
3.11 Confirmation of reliable electrophoresis in the quartz 
cell 
Van der Minne and Hermanje 41  described the criteria 
necessary for the successful measurement of reliable electro-
phoresis. These were: 
motion should be uniform and rectilinear between the 
electrodes 
the electrophoretic velocity should be independent of 
Position in the electric field 
C) the electrophoretic velocity should be directly proportional 
to the applied field strength, and should reverse exactly 
on reversal of the field. 
During the early electrophoresis measurements in the 
quartz cell, described in section 3.9, great difficulty was 
experienced in trying to eliminate convection currents. These 
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resulted from the presence of temperature gradients within 
the cell, and caused particles lying near the front inner 
capillary wall to move rapidly in a vertical direction. This 
meant that, although the second and third criteria above 
were always successfully met, the particle motion was often 
not horizontal between the electrodes, and necessitated steps 
being taken to eliminate convection. 
In the original microscope thermostat tank used the cell 
could only be immersed up to the level of the cross-tube, and 
it was therefore necessary to control convection by maintaining 
the thermostat bath temperature as close to room temperature 
as possible, and by inserting a heat-filter between the 
microscope lamp and the cell. Unfortunately, this procedure 
was only partially successful, and the thermostat bath had to 
be enlarged so that the cell could be immersed almost as 
far as the glass/metal seals before convection could be 
entirely eliminated and reliable electrophoresis confirmed. 
Even in the quartz cell it would be expected that a 
few surface silanol groups would be present. These groups 
would cause any water in the VCM to be localised at the 
quartz/vcM interface, and consequently result in some surface 
conductance through the water layer. To minimise this effect, 
the capillary walls were hydrophobised by rinsing the cell with 
a solution of dichlorociimethylsilane: this replaces any 
surface - Si-OH groups by -Si-O-Si(Me) 2 -O- and consequently 
removes any hydrophilicity from the surface. After this 
treatment of the walls, any water in the VCN would remain 
randomly dispersed throughout the monomer. 
Having improved the electrophoresis technique by 
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eliminating both surface conductance and convection, run 
88 was completed to confirm that reliable electrophoresis 
measurements were indeed possible on dispersions in VCM. 
Dried, oxygen-free VCM was polymerised for 106 minutes at 
500C in the test-tube cell using Liladox initiator at a 
concentration of 0.05% w/v, and a sample of the concentrated 
dispersion transfei*4.to the empty quartz cell by connecting 
the quartz cell and inverted test-tube cell by the normal 
pipe and Hone valve. With the quartz cell cooled by a slush 
bath, enough dispersion to fill the capillary was allowed to 
flow into the cell on opening the Hone valve. The concentrated 
dispersion in the quartz cell was then diluted with dried 
VCM condensed from the pendant drop cell in the normal manner, 
the condensation being stopped when the liquid level was 
just below the cross-tube. 
After ensuring thorough mixing of its contents by 
agitation, the quartz cell was placed in the microscope 
thermostat tank at 18.5 °c. On examination of the dispersion 
just after agitation it was found to contain both small 
aggregates and single particles. However, the aggregates 
rapidly sedimented to leave only single particles at an 
ideal concentration for electrophoresis. All convection had 
ceased after 10 minutes in the thermostat bath, and electro-
phoresis measurements were started. An applied potential 
of 94.8V was used, and the particles responded immediately 
to the field being switched on or off, and moved regularly 
between the electrodes with no evidence of dielectrophoresis 
Particle timings were obtained at the front stationary 
level at regular intervals during the electrophoresis, and it 
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was confirmed that there was no systematic variation in 
particle mobility as a function of elapsed time since 
starting the electrophoresis. Timings were also obtained 
at various depths in the cell, so that a van Gils plot of 
electrophoretic velocity against (na) 2 could be made. A 
straight line graph was indeed obtained, but its slope 
increased regularly throughout the electrophoresis, 
corresponding to the walls becoming gradually more positive. 
It seems likely that the hydrophobised quartz walls become 
gradually more positive on contact with VCM because of 
slow protonatjon, by solvated protons from the dispersion 
medium, of basic surface oxygen atoms, as shown below. 
-Si-O-Sj (Me) 
1*+ 1 
The constancy with time of the measured electrophoretic 
velocity at the stationary level shows that, although the two 
wall potentials were gradually increasing with time, they were 
doing so at exactly the same rate. The electrophoresis 
results were Lhrefore not invalidated by the changing wall 
potentials, since the fact that the two wall potentials were 
always the same meant that the regular distribution of electro-
phonetic velocities throughout the cell, predicted by equation 
3.3.5, persisted. 
The electrophoretic velocity, at the stationary level, 
was then measured as a function of the applied potential, 
and the data shown in Fig. 3.11.1 obtained. The graph shows 
a straight line going through the origin, confirming that 






Applied Potential / Volts 
Fig.3.11.1 	Applied Potential against 
Electrophoretic Velocity for a PVC 
Dispersion in the Quartz Cell 
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the third criterion of van der Minne and Hermanje for 
reliable electrophoresis was successfully met. The electro-
phoretic velocity was also measured at different positions 
along the length of the capillary. No systematic 
variation in velocity as a function of position was found, 
confirming that, at least for the experimentally accessible 
portion of the capillary, the electrophoretic velocity was 
independent of position in the electric field. (It was 
also shown that the measured particle velocity was 
independent of the volume of liquid in the microscope 
thermostat tank, confirming that there was no leakage of 
electric field directly through the thermostat liquid). 
The determinations described above all gave a consistent 
value of -138 ±7 my for the particle zeta potential, but this 
potential could not be Converted into a particle charge by 
use of equation 3.9.2 because no reliable value for the 
particle radius could be inferred from the micrograph of 
the dispersion. The micrograph was anomalous in that it 
showed considerable aggregation, and the size of the 
particles which had actually been timed during the electro- 
phorsjg was not apparenL. 
3.12 Final polymerjsatjong in the test-tube cell 
Having drawn up calibration graphs of conversion against 
time of Polymerisation, and confirmed that reliable electro-
phoresis was possible in the quartz cell, it was hoped to 
complete a series of polymerisations from which the effect 
of particle radius, extent of polymerisation and Polymerisation 
temperature on the particle charge could be deduced. This 
involved terminating polymerjsatjons at different, known 
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percentage conversions, and measuring the particle radius 
and zeta potential. 
Unfortunately, before this investigation could be 
started, all reproducibility in the rate of polymerisation 
in the test-tube cell was lost. Polymerisatjong at 500C 
went between two and ten times more slowly than they had 
done during determination of the conversion/time graphs, 
usually with the production of a yellowish polymer which 
became red on drying in the oven at 100 0C. In contrast, 
polvmerisatjons at 70°C went at roughly the same rate 
as when the conversion/time graphs were being determined, 
but yielded unstable dispersions which coagulated on 
quenching the polymerisation. 
Since the activation energy for VCM polymerisation 
calculated from the conversion/time graphs was in agree-
ment with the value quoted in the literature, it was 
apparent that, rather than the earlier polymerisations 
proceeding too fast, the later polymerisatj.ons were 
proceeding too slowly. The colour formation, mentioned 
above, is indicative of conjugated double bond systems 
formed by the loss of HCI from PVC molecules. The rate 
of HC1 loss is thought to be connected in some way with 
the concentration of polymer chain ends, 91 since the 
evolution rate is greater the lower the degree of poly-
merisation, and this strongly suggests that in the slow 
polymerisations at 50°c the PVC chains formed were much 
shorter than in polymerisatjons at the normal rate, which 
produced colour-fast polymer. 
It was first confirmed that no leaks in the apparatus 
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had developed, which might prevent adequate exclusion of 
air from the test-tube cell, then successive Polymerisations  
were completed at 50°c using as pressure rig propellant 
firstly a new sample of 11white spot" nitrogen, then argon. 
Neither polymerisation went at the required rate, so the 
Slowness of the polymerisations was not due to an increase 
in the oxygen level in the test-tube cell. 
Differential thermal analysis (DTA) measurements on 
the sample of Liladox initiator used confirmed that 
excessive decomposition of the initiator on storage had 
not occurred. DTA also indicated that the initiator only 
began to decompose at a reasonable rate at temperatures of 
50°C or over, so that the actual decomposition rate in a 
Polymerisation at 50 0c would be expected to be very 
sensitive to either promotion or retardation by any trace 
impurities present. 
At this point it was concluded that some impurity, 
not Previously present, was now affecting the polymerjsatjons 
Since all monomer polymerised in the test-tube cell was 
collected there by distillation, it was most unlikely that 
any ipurtji 	from the pressure rig, small cylinder or 
pendant drop cell could reach the test-tube cell. Also, the 
connecting pipe and test-tube cell valve were thoroughly 
cleaned prior to each polymerisation, so that contamination 
from them was most unlikely. it was therefore apparent that 
whatever impurity was affecting the Polymerisation must arise 
from the test-tube cell tube itself. 
Since thorough cleaning of the test-tube cell tube by 
scrubbing with fine carborandum also failed to reproduce 
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the previous polymerisation rate, it was concluded that 
the anomalous behaviour must be due to some impurity 
produced by a surface reaction at the glass/vcN interface. 
Support for this view comes from the very high surface area 
of glass in contact with a relatively small polymerising 
volume of VCM in the test-tube cell, and also from the 
results of recent experiments by I.C.i., 39  which confirmed 
that the properties of the enclosing glass vessel can have 
an important effect on the course of VCM polymerisatjons 
It was found that VCM polymerisatjons in glass tubes 
sealed by a valve proceeded normally at the expected rate, 
but that polymerisations in tubes sealed by glassblowing 
were often completely retarded. 
Apparently the properties of the glass surface of the 
test-tube cell tube had slowly changed with repeated use, 
and it would be expected that the original Polymerisation 
rate at 50°c could be reproduced in a new tube. Unfortunately, 
time did not allow the construction and testing of a new 
thick-walled tube, so the experimental work had to be 
terminated at this point. 
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Chapter Four 
Theoretical Calculations 
- 122 - 
4.1 	Introduction 
The experimental work described in Chapter 3 
demonstrated conclusively that the primary PVC particles 
formed in bulk or suspension Polymerisation carried a 
negative charge, and showed that the magnitude of this 
charge was typically in the region of 50 elementary 
charges per particle. The main aim of the theoretical 
work described below was to see whether the known 
stability behaviour of the primary particles - initial 
stability during growth by polymerisation, followed by 
sudden loss of stability over a very small size range - 
could be accounted for by a mechanism involving purely 
electrostatic stabilisation, and to indicate whether the 
experimentally determined particle charges were sufficient 
to give this stabilisation. It was also hoped that a 
mechanism explaining the effect of polymerisation 
temperature on the final polymer morphology could be 
found. 
4.2 	Exploratory Calculations 
As was shown in Section 2.5, the most useful 
theoretical measure of the stability of a dispersion is 
the stability ratio W. So that the etfect of variation 
of such parameters as primary particle radius and charge, 
double layer thickness and Hamaker constant on the 
stability of PVC dispersions could be predicted, the 
program WHVRVAS (Appendix 1) was formed to calculate the 
stability ratio for interaction of any pair of spherical 
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particles under any given experimental conditions. 
The program used a numerical integration technique 
to calculate stability ratios from equation (2.5.23) , 
with the Spielman hydrodynamic correction being included. 
For all colliding pairs of particles considered, the 
stability ratio was calculated using four different 
possible expressions for the repulsive term, to see how 
critically the calculated value of W depended on the 
exact applicability of the V  expression used. The four 
V  expressions considered were a) simple Coulomb repulsion 
(equation 2.2.17), b) the Verwey and Overbeek expressions 
for small Ka values and either constant surface potential 
or charge density during collision (equation 2.2.15), and 
c) the Derjaguin expression for large Ka values (equation 
2.2.23). The potential energy of attraction was 
calculated using equation (2.3.4). 
As stated earlier, primary PVC particles grow 
uniformly by polymerisation until they lose their 
colloidal stability at a critical size, and coagulate. 
During growth there must be some change in either the 
particle charge or surface potential, and three possible 
means by which this change might occur were envisaged. 
The three possibilities considered were - 
a) 	the total charge on each particle remaining 
constant during growth - this corresponds to the particle 
charge being determined by a constant number of 
irreversibly bound charged surface groups, or to the 
total available charge in the system being evenly 
distributed over a constant number of primary particles. 
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b) 	the surface potential of each particle remaining 
constant during growth - this corresponds to the presence 
of a thermodynamic equilibrium between potential 
determining ions adsorbed on the particles and in 
solution in the dispersion medium. 
C) 	 the surface charge density of each particle 
remaining constant during growth - this corresponds 
to the number of potential determining ions able to be 
present on each particle being sterically limited by the 
finite size of these ions. 
WHVRVAS allowed the primary particle stability 
to be predicted throughout growth under each of the 
charge regimes described above, and Fig. 4.2.1 shows 
the variation of log 10W as a function of particle radius 
for each of the three mechanisms. From the figure it is 
immediately apparent that only the model in which each 
primary particle grows at constant total charge can 
account for the known stability behaviour of PVC 
dispersions, since in the other two models particle 
stability increases rapidly as a function of radius. In 
all subsequent calculations using WHVRVAS the model of 
growth at constant particle charge was therefore used. 
(In the exploratory calculations with WHVRVAS 
rough estimates of the relative permittivity and Hainaker 
constant for the PVC/VCM system were used. These 
estimates were somewhat refined in later calculations. 
A value of 4xl0 4 m 1 was chosen for K since, for 
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Fig.L..2.1 	Effect on stabiUty ratio of 
particle growth under the three 
different charge regimes 
- 125 - 
Ka = 0.01, which is a reasonable value for non-aqueous 
dispersions) 
The effect of changing the V  expression used 
in the calculation is shown in Fig. 4.2.2. 	For typical 
primary particle radii encountered in practice, the 
Verwey and Overbeek 	expression (equation 2.2.15) 
predicts the lowest stability, and simple Coulomb 
repulsion the highest stability. However, in comparison 
to the effect, shown later, of varying the particle 
potential or charge, the effect of using a different 
V  expression is relatively small. This means that 
the exact applicability of the V  expression used in 
any given calculation is not of crucial importance in 
predicting the actual stability of the dispersion. 
The relative effect of variations in several 
other parameters appearing in the stability calculations 
was then investigated. Fig. 4.2.3 shows that, as would 
be expected, 69 the effect of varying the Harnaker constant 
is very small. A change of two orders of magnitude in 
the Hamaker constant produces only a small change in W, 
so that exact knowledge of the Harnaker constant for 
the PVC/VCM system is not required, and Lifshitz type 
calculations to determine A are unnecessary. 
Fig. 4.2.4 shows that, for the primary particle 
size range encountered in practice, a simple increase 
in thermal energy, represented by increasing the value of 
kT in the calculation, has Only a negligible destabilising 
effect on the PVC dispersions. Clearly the different 
stability behaviour encountered as a function of 
cD 
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polymerisation temperature 39 cannot be accounted for 
solely on the basis of the changing particle energy 
during Brownian collision. 
As shown by Fig. 4.2.5, the effect of any 
variation in the double layer thickness must also be 
very small, for the range of free ionic concentrations 
likely to be present in VCM. 
In contrast, Figs. 4.2.6 and 4.2.7 show 
respectively that the magnitude of the primary particle 
potential or charge is of crucial importance in 
determining the dispersion stability. The effect of 
these parameters completely swamps that of the other 
variables when simple two-particle interactions are 
considered, with potential apparently having the 
greater effect. 
In summary, two important conclusions resulted 
from the preliminary calculations. Firstly, for a model 
involving purely electrostatic stabilisation of the primary 
particles, the most important factor controlling their 
tdbility was their potential. This was determined 
entirely by their radius and charge. Secondly, there 
was only one mechanism of electrostatic stabilisation 
capable of accounting for the known stability behaviour 
of the primary particles. In this the particles grew 
with a constant total charge per particle till, following 
the mechanism of Zichy 6 , their surface charge became so 
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It was now necessary to use WHVRVAS to predict 
theoretically the critical coagulation radius of 
primary particles under typical polymerisation 
conditions, and compare the results with known critical 
sizes measured experimentally. Following Wiese and 
Healy 92 , it was felt that the most informative way of 
representing the theoretical data was in the form of 
domain diagrams. Each diagram was constructed for a 
fixed value of double layer thickness, Hamaker constant, 
relative permittivity and temperature, and showed the 
variation in the particle radius corresponding to 
W = 5, 10 and 20 as a function of particle charge. 
Since it was assumed that dispersions for which W > 20 
were stable for the time scale involved in PVC 
polymerisations, and that dispersions for which W < 5 
were unstable, the diagrams mapped out the combinations 
of particle radius and charge corresponding to stability, 
instability and intermediate stability. They then allowed 
the size range to be predicted over which particles 
carrying a typical experimentally measured charge of 
50-60e should pass from stability to instability during 
growth by polymerisation. A typical domain diagram 
obtained using WHVRVAS is shown in Fig. 4.3.2. 
4.3 	Domain diaqrajrs calcu lated on the assumption of 
sImple two-part i c l e 1n - eracz1ons between primary 
part icles 
The procedure involved in using WHV?JAS to 
calculate domain diagrams is outlined below. 
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With the value assigned to temperature, double 
layer thickness, Hamaker constant and monomer relative 
permittivity fixed throughout the calculation of each 
diagram, graphs of W as a function of particle radius 
were drawn for several different values of particle 
charge. Such a graph, used in the calculation of 
Fig. 4.3.2, is shown in Fig. 4.3.1. The particle 
radius corresponding to W = 5, 10 and 20 for each of 
the particle charges considered was then read directly 
from the relevant graph of W vs. particle radius, and 
used to plot the domain diagram of radius against 
particle charge. 
Although WHVRVAS was written so that the 
interaction of pairs of particles differing in either 
radius, or charge, or both, could be considered, in 
practice in all the calculations performed the 
interaction of particles identical in radius and 
charge was assumed. This was a consequence both of 
the evidence from the electron micrographs that the 
primary particles were rnonodisperse during polymerisation, 
and of the assumption that the available charge was evenly 
spread over the primary particles present. 
In all, five sets of conditions of temperature 
etc. were considered using WHVRVAS, and two domain 
diagrams were drawn for each set. In one diagram 
constant potential during collision was assumed 
(section 2.2), in the other constant charge, with the 
V  exPression used in calculating each diagram being 
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Fig.4.3.1 Graph of stability ratio against 
particle radius for a given particle 
charge, as used in the calculation of 
domain diagrams with WHVRVAS 
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(equation 2.2.15) . It was felt that for the situation 
of PVC particles in VCM these expressions were more 
physically realistic than either the Derjaguin 
expression (equation 2.2.23), which applies to thin 
double layers, or the expression for simple Coulomb 
repulsion (equation 2.2 .17) , which neglects 
electroneutrality. 
Since the assumption of constant potential during 
collision results in slightly lower calculated values 
of W than the constant charge assumption, the diagrams 
drawn assuming constant potential always predicted 
slightly lower values for the critical coagulation 
radius than the constant charge diagrams. This is 
illustrated in Fig. 4.3.3. However, this disparity in 
the calculations was not of great significance since 
it was found to be much less than the disparity between 
the critical radii found in practice and those predicted 
theoretically using WHVRVAS. 
Figs. 4.3.2 and 4.3.4 show domain diagrams drawn 
for the situation of polymerisations at 10 and 50 °C 
respectively. The Spielman correction was ignored 
and constant potential during collision was assumed. 
The Hamaker constant for the situation of monomer 
Swollen PVC particles interacting across pure monomer 
was taken 39 to be 9.9x10 21 J, and a value of 4x104 m- 1 
was retained for K. The relative permittivity of VCM 
is 3.87 at 70 0C and 4.22 at 50 °c. 39 
Comparison of Figs. 4.3.2 and 4.3.4 shows that 
a simple change in the thermal energy of the particles 
at constant ionic concentration has only a negligible 
K = 4.0 x10 4 m 
A9.9 x 10 21 1 1.W5 
10.000 - y_7000 2.W= 10 
er 	3.87 3.W20 
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Fig.L..3.2 	Domain diagram drawn using 
WHVRVAS, assuming simple 
two particle interaction 
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two particle interaction 
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effect on the dispersion stability. This confirms the 
conclusion reached in section 4.2 that some other factor 
must be responsible for the known variation in dispersion 
stability as a function of polymerisation temperature. 
Fig. 4.3.5 was calculated assuming identical 
conditions to Fig. 4.3.2, except that the Spielman 
correction was included. Comparison of the two figures 
shows that, although inclusion of the correction does not 
affect the shape of the domain diagram, it slightly 
increases the predicted value of the critical coagulation 
radius. The Spielman correction was therefore included in 
all subsequent calculations with WHVRVAS. 
By examination of Figs. 4.3.2, 4.3.4 and 4.3.5 
it is confirmed that under a model in which the primary 
particles grow at constant total charge, they pass from 
stability to instability by growing over a fairly small 
range of radius. Nevertheless, this radius range is 
somewhat larger than that predicted from examination 
of micrographs ot final PVC latex particles, in which 
thc coagulated pinry particles show a very high degree 
of monodispersity. More importantly, the domain diagrams 
are clearly in error in that they predict the critical 
coagulation radius to be much larger than is found in 
practice. For polymerisations at 70 °C they predict that 
particles carrying a charge of 50 or 60e should coagulate 
at a radius of around 2.5 urn, whereas in practice the 
critical radius would be around 0.35 m. Apparently 
the calculations thus far greatly overestimated the 
stability of the primary particles. 
= 4.0 x10 4 m 1 
A=g.9x1o21J 	tW= 5 
T=70°C 	 2.W=10 
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A further domain diagram, Fig. 4.3.6, was then 
drawn for the same conditions as Fig. 4.3.5, except 
that the value of K was increased to 4xl0 6 m 1 . This 
was done to ensure that the anomalously high calculated 
stability was not simply due to assuming much thicker 
double layers in the calculations than are present in 
practice. 
Comparison of Figs. 4.3.5 and 4.3.6 shows 
that reduction of the double layer thickness from 
25 pm (Ka = 0.01) to 0.25 pm (Ka = 1) roughly halves 
the predicted value of the critical coagulation radius, 
and causes the radius range corresponding to the 
transition from stability to instability to be 
considerably reduced. However, the predicted critical 
radius is still much greater than is found in practice, 
so overestimation of the double layer thickness was 
discounted as the reason for the discrepancy. 
At this point it was concluded that the "particle 
concentration effect" 93 was responsible for the poor 
agreement between the predicted and experimentally 
measured critical radii. The effect arises with 
concentrated dispersions in media of low dielectric 
constant, when the average interparticle separation is 
of the same order as the double layer thickness. Under 
these conditions, for the reasons discussed below, the 
magnitude of the interparticle repulsion is greatly 
reduced. 
The effect of including the particle 
concentration effect in the calculation of the domain 
diagrams was therefore investigated. 
With Spielman Correction 
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Fig..3.6 Domain diagram drawn using 
WHVRVAS, assuming simple 
two particle interaction 
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4.4 	Domain diagrams calculated after allowing for the 
particle concentration effect 
Parfjtt 93  states that for a particle concentration 
of 10% the potential energy barrier to coagulation is 
typically reduced by around 50%. Therefore, as a 
first attempt at allowing for the particle concentration 
effect in the domain diagrams, the value of VT 
calculated as a function of separation in WHVRVAS was 
empirically divided by 2, and Fig. 4.4.1 produced. 
Apart from this modification the domain diagram of 
Fig. 4.4.1 was produced under identical conditions to 
Fig. 4.3.5. Comparison of the two figures shows that 
halving the potential energy barrier roughly halves the 
predicted value of the critical coagulation radius over 
the whole range of particle charges considered, b.t the 
predicted critical radius for a particle charge of 50e 
is still much greater than is found experimentally. it 
was therefore clear that the particle concentration effect 
could not be adequately allowed for by the simple 
empirical inclusion of the line VT = VT/2 in WHVRVAS, 
and that a completely new program which abandoned the 
use of simple two particle interactions had to be written. 
The program THICKDL was therefore composed. 
Albers and Overbeek 42  gave the first detailed 
explanation for the lowering of the potential energy 
barrier when the average interoarticle separation was 
of the order of the double layer thickness. They showed 
that a combination of two factors contributed to the 
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Fig. 4.4.2 (taken from their paper), when the average 
interparticle separation approaches the double layer 
thickness the particles in their equilibrium position 
already possess a potential energy with respect to 
infinite separation. This reduces the barrier to 
Collision of particles a and b from E 1 to E 2 . Secondly, 
when the simultaneous interaction of particle b with 
particles a and c is considered, the potential energy 
profile for b as a function of distance is changed to 
that given by the full line, and the barrier to be 
overcome for coagulation of b with a is reduced to E 3 . 
In practice the Simultaneous interaction of the 
Central particle b with all other particles must be 
considered, and Albers and Overbeek assumed a model 
for the arrangement of the particles which allowed 
this to be done. The twelve nearest neighbours to the 
central particle b were situated 	on a spherical shell 
of radius R 1 (Fig. 4.4.3 (a)), with R1 equal to the 
average interparticle separation. All other partic-le 
were homogeneously distributed outside a larger 
sphere of radius R2 , with R2 chosen so that the 
volume Within the sphere just corresponded to the 
volume available to 13 particles. 
On the basis of their model Albers and Overbeek 
derived the expression - 
- - - Interaction between ci and b, and 
between b and c, in the absence 
of the third particle 
Interaction between the two pairs of 
particles when the simultaneous 
interaction with the third particle 
is included 
Fig.L+.L.2 Diagram illustrating the reduction of 
the potential energy barrier to 













R 1 =average interparticle separation 
R 2 just contains the volume available 
to 13 particles 
IR 
b) 1/f 
Fig.4.4.3 Two diagrams showing the arrangement 
of particles assumed by Albers and 
Overbeek for calculations involving the 
particle concentration effect 
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V (total) - 	a 




_K/R12 + q2 - 5R1 iJ - 	 - e 	 3 1-q 	 lq ( 
(11.14.1) 
where V  (total) is the energy of repulsion between the 
central particle b and all other particles 
E is the permittivity of the dispersion medium 
(47ree) 
is the surface potential of the particles 
a is the radius of the particles 
K is the reciprocal double layer thickness 
q is the distance of the central particle b 
from the centre of the sphere of radius 
(Fig. 4.4.3), so that (R 1 -q) is the separation 
of particles b and c, where c is the particle 
with which b possibly collides. 
In expression (4.4.1) the first term within square 
brackets represents the potential energy of reulsjon 
between particle b and all the particles outside sphere 
the second term represents the repulsive energy 
between particles b and c, and the third term represents 
the repulsive energy between b and the other 11 nearest 
neihbours. 
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This approximate procedure used by Albers and 
Overbeek was criticised by Levine and co -workers 94 in 
a later series of papers, and a more mathematically 
rigorous approach proposed. However, for the work 
described here it was felt that the more easily 
applied approach of Albers and Overbeek was adequate, 
despite its approximations, in allowing the influence 
of the particle concentration effect on the stability 
of the PVC dispersions to be calculated. 
According to the Albers and Overbeek model the 
stability of dispersions is determined by the height 
of the potential energy barrier E 3 (Fig. 4.4.2). This 
means that it is the change in potential energy with 
respect to the equilibrium separation which determines 
the Stability ratio as particles approach each other 
from the equilibrium separation. The program THICKDL 
therefore evaluated VA and VR at the equilibrium 
separation, and substracted the result from the value 
of VA and V  calculated at each separation of particles 
b and c from the equilibrium separation up to a 
separation of 0.1 nm. In this way the zero of potential 
energy was shifted from infinite separation to the 
average separation, as required. 
V  values were calculated using equation (4.4.1) 
and VA values using equation (2.3.4). The total potential 
energy of interaction (VT) between particles b and c, 
allowing for the influence of all other particles, was 
then calculated as a function of separation by 
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summing VA and VR. The stability ratio, after allowing 
for the Spielman correction, was calculated in the normal 
manner using equation (2.5.23). (In fact it was found 
that the calculated value of VA was zero at all but the 
smallest separations of b and c, since the range of the 
double layer repulsion is much greater than that of the 
van der Waals attraction. This meant that the repulsive 
energy term was identical to the total interaction energy 
except at the closest particle approach) 
The situation considered by THICKDL was that of 
a known, inputted, number of primary particles growing 
and coagulating within a suspension droplet of known 
volume. The program allowed for the increasing volume 
fraction during polymerisation due to the increasing 
primary particle radius, and for the shrinkage of the 
monomer droplet as the average density of its contents 
increased. Since a model similar to that of Levine 
et a]. 94 was assumed, in which the dispersion medium 
contained only counter-ions and all the co-ions were 
adsorbed to the particles, It was 	 Lu calculate 
the double layer thickness exactly for each dispersion 
considered and use it in the calculation of the 
stability ratio. 
A detailed outline of the working of THICKDL is 
contained in Appendix 2. 
Domain diagrams were drawn using THICKOL by the 
same type of approach as was used with WHVRVAS. The 
particle number per Suspension droplet was held constant 
throughout the calculation of each diagram, as was the 
temperature, relative permittivity and Hamaker constant. 
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Graphs of particle radius against stability ratio were 
drawn for several different particle charges. The radius 
corresponding to W = 5, 10 and 20 at each particle charge 
was then read from the graphs and used to plot the domain 
diagram. 
Four domain diagrams in all were drawn using 
THICKDL, these are shown in Figs. 4.4.4 - 7. In the 
first three diagrams the polymerisation temperature was 
taken to be 70°C, with the primary particle number per 
suspension droplet being respectively lxl0 8 , 5x10 8 and 
lx10 9 . In the fourth diagram the polymerisation 
temperature was taken to be 20°C, with 5x10 8 particles 
per suspension droplet. (A primary particle number of 
between 1x10 8 and lx10 9 per suspension droplet seems 
reasonable in view of the figure of 5x10 11  polymer 
particles present per gram of monomer reacted quoted 
by Cotman, Gonzalez and Claver 20 . On the basis of this 
figure a suspension droplet of 1 mm diameter, as assumed 
by the program, should contain roughly 2.4x10 8 primary 
parLiuleb during polymerisation). 
On comparing the domain diagrams calculated with 
THICKDL with the diagrams calculated with WHVRVAS for the 
two particle interaction, three significant differences 
are immediately apparent. Firstly, allowance for the 
particle concentration effect greatly reduces the predicted 
stability of the primary particles. This means that the 
predicted critical coagulation radius is much smaller and 
closer to that found experimentally than it was previously. 
The critical radius now depends on the primary particle 
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considered, it is smaller the higher the particle 
concentration. 
Secondly, the transition from stability to 
instability is predicted to occur over a much smaller 
spread of radius when the influence of neighbouring 
particles is allowed for. The radius spread is smaller 
the higher the particle concentration, so that the 
observed high degree of monodispersity of the aggregated 
primary particles after polymerisation may be accounted 
for by the particle concentration effect. 
Thirdly, the effect of the particle charge in 
determining the Stability behaviour of the primary 
particles is predicted to become less marked as the 
particle concentration is increased. This is most 
easily seen from Fig. 4.4.6, where the graph levels out 
to a plateau beyond a particle charge of about 
60 elementary charges, showing that increasing the 
particle charge to above 60e has only a negligible 
effect on the particle stability and critical radius. 
The plateau in the domain diagrams is flatter the higher 
the particle number. The presence of the plateau means 
that for any PVC dispersion formed during suspension 
Polymerisation there is a critical radius, determined 
entirely by the primary particle concentration, above which 
the primary particles cannot be stable regardless of the 
total charge available. 
Table 4.4.1 lists calculated values of particle 
radius, double layer thickness, volume fraction and 
average interparticle separation for the calculation 
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at 70° c with 1x10 9 particles per suspension droplet 
(Fig. 4.4.6). The values were obtained for W = 10 at 
several particle charges between 10 and lOOe. The value 
quoted for interparticle separation is the average 
distance between particle surfaces, and it may be seen 
from the table that for all the primary particle charges 
considered this distance is comparable with or less than 
the double layer thickness. This confirms the 
inapplicability of the simple two particle stability 
calculations for dispersions of this type. The table 
also shows that when the particle charge is high the 
dispersions may be stable up to a very high volume 
fraction before coagulation occurs, confirming the very 
high stability that electrostatic stabilisation can 
confer to the primary particles. 
The table can be used to calculate the free ionic 
concentrations necessary in the dispersion medium to 
correspond to the double layer thickness found. Since 
the minimum double layer thickness encountered was about 
0.09 pm, the maximum free ionic concentration which must 
be postulated in the dispersion medium is 1.2x10 6 mol dm- 3 
which is an acceptable value. 
Fig. 4.4.8 shows the predicted monodispersity of 
the primary particles within the clusters as a function of 
particle charge for polymerisations at 70 0C with 1, 5 and 
10 x 10  particles per suspension droplet. The value 
plotted for mnonodispersity is the radius corresponding 
to w = 5, taken from the domain diagram, minus the 
radius corresponding to W = 20. The diagram shows that 
the rnonodispersity is improved either by increasing the 
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Fig.4.4.8 Diagram showing the effect on 
monodispersity of particle concentration 
and charge, from the calculations at 
70°C using THICKDL 
Table 4.4.1 	Results of the calculation with THICKDL for 70 0C and 1x10 9 
particles per su spension droplet (W = 10) 
Charges Particle Double Layer Volume Interparticle 
Particle Radius/pm Thickness/pm Fraction Separation/pm 
1.0 0.1545 0.5638 0.030 0.5921 
30 0.36208 0.2344 0.432 0.1422 
50 0.39460 0.1523 0.584 0.0653 
60 0.40096 0.1326 0.618 0.0450 
80 0.40716 0.1082 0.657 0.0334 
100 0.411.340 0.09355 0.678 0.0247 
H 
0 
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primary particle number per suspension droplet or 
by increasing the particle charge. 
In Fig. 4.4.9 the particle radius corresponding 
to W = 10 is shown as a function of particle charge 
for the conditions considered in the four domain 
diagrams drawn with THICIçDL. The figure predicts 
that a simple change in polymerisation temperature 
from 70 to 20 0C at constant primary particle number 
and charge will have only a marginal effect on the 
particle stability, with the particles being slightly 
less stable at 20 than 700C. (That the particles are 
predicted to be less stable at the lower temperature 
may be due to the slightly greater double layer 
thickness at the lower temperature, this will make 
the "screening", destabilising effect of the other 
particles slightly greater). 
Since the effect of the dispersion medium 
temperature alone is apparently much too small to 
account for the change in morphology found between 
polymerisations at 20 and 70 0c it would seem that 
either the primary particles must carry a much lower 
charge at 200C or many more primary particles must be 
formed. A combination of both seems most likely, since 
if three times more primary particles were formed at 
20 0c for the same total charge available the average 
charge per particle would be reduced from around 50 
to l5e. This would give a critical coagulatiofl radius 
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the four calculations completed using 
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- 142 - 
The large influence exerted by the primary 
particle number on the stability behaviour of the 
PVC dispersions when the particle concentration 
effect is allowed for is more easily seen from 
Fig. 4.4.9 than from the other domain diagrams. The 
figure clearly shows that in certain circumstances the 
effect of particle concentration on the critical 
coagulation radius is much more important than that 
of particle charge. Generally speaking, at particle 
charges less than 50e the critical radius depends 
mainly on the particle charge, at charges greater 
than 50e the particle concentration has by far the 
larger effect. 
It is encouraging that Fig. 4.4.9 predicts 
that if the primary particle concentration corresponds 
to 1x10 9  particles per suspension droplet, and the 
particles carry the experimentally determined charge 
of around 50e, the critical coagulation radius should 
be of the order of 0.39 pm, since this is very close 
to the experimental value of 0.35 pm found in 
polymerjsatjons at 70 0C. 
In summary, by inclusion of the particle 
concentration effect in the stability calculations the 
predicted critical coagulation radius is much closer 
to that found experimentally, and is determined by the 
primary particle concentration as well as the charge. 
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Chapter Five 
Discussion and Conclusions 
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5.1 	Summary of relevant information obtained on 
VCM suspension polymerisation 
The project at Edinburgh was formulated after 
the early experiment at Welwyn 40  in the pendant drop 
cell had shown that charges were present in a 
polymerising monomer droplet. The polymer particles 
were found to be negatively charged but the magnitude 
of their charge could not be measured, and a major 
aim of the work at Edinburgh was to measure this 
charge. 
Further work at Welwyn using the spinning drop 
cell and electron microscopy illustrated 6 the particle 
aggregate structure of PVC. It was found that an 
aggregate of 13 primary particles was the basic 
structural unit in polymerisatiors at higher 
temperatures, although aggregates of 55 particles 
were found in polymerisations at 20 °C. 
Zichy 6 showed that the growing primary 
particles had a limited colloid stability, and 
suggested that an agent acting on the surface of the 
particles was responsible for this stability. Following 
the experiment in the pendant drop cell it was reasonable 
to suppose that the stabilising agent might be electro-
static repulsion, and a further aim of the work at 
Edinburgh was to see whether the measured primary 
particle charges could account for the known stability 
behaviour of the primary particles solely on the basis 
of electrostatic stabilisatjon. 
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At Edinburgh the existence of basic particles 
was confirmed by electron microscopy on PVC dispersions 
produced by photochemical polymerisation to very low 
conversions. It was then confirmed that reliable 
electrophoresis could be performed on dispersions 
of primary particles in VCM if a quartz electrophoresis 
cell was used. The particles typically had a zeta 
potential of -&J mV, corresponding to a particle 
charge of roughly 50 e, but unfortunately in the 
apparatus available it proved impossible to prepare 
primary particle dispersions of a controlled radius 
or charge reproducibly. 
Theoretical calculations were performed to 
predict the stability behaviour of primary particles 
of the radius and charge typically found experimentally. 
It was found that classical two particle calculations 
had to be abandoned for this type of dispersion, since 
the double layer thickness was of the same order as the 
average interparticle separation. However, when the 
particle concentration effect was allowed for by using 
more complex calculations, it was confirmed that the 
measured primary particle charges were sufficient to 
account for the known stability behaviour of the primary 
particles assuming purely electrostatic stabilisation. 
These calculations also confirmed the general agreement 
between the experimental and theoretical work. 
A mechanism for VCM Suspension polymerisation 
consistent with the above evidence must now be proposed. 
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5.2 	Proposed mechanism for VCM suspension Polymerisation 
The basic mechanism assumed for the morphogenesis of 
PVC during bulk or suspension polymerisation was Outlined 
in Section 1.3. Polymerisation is initiated by decomposition 
of a VCM soluble free radical initiator and the growing 
chains remain soluble in the monomer till they attain a 
length of roughly 10 monomer units, when they mutually 
coil and precipitate with each other to form basic 
particles containing perhaps 6 chains. The basic particles 
are C011oidally unstable and extensive coagulation rapidly 
occurs until primary particles carrying a high enough 
surface charge to prevent further coagulation are formed. 
The subsequent stability behaviour of the primary particles 
then has a large influence on the eventual polymer porosity. 
In this section it is necessary to extend the details of the 
mechanism to account for the appearance of the particle 
charge, and to rationalise and predict the changes in the 
final polymer morphology resulting from changes in the 
Polymerisation Conditions. 
Rance and Zichy 95  have recently proposed a 
mechanism to account for the appearance of the negative 
charge on the primary particles. Following the work of 
Bauer and Sabel 96 , who showed that in the early stages 
Of VCM  polymerisation in the presence of oxygen a 
Polymeric vinyl chloride peroxide was formed which 
subsequently decomposed to give CH 2O, HC1 and CD, they 
suggested that the charged Species H 
3  0 and Cl were 
present in the monomer from the ionisation of the HCl. 
Also, following work in the 'quartz electrophoresis cell 
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which had shown that the conductivity of dried VCM 
increased slightly on the addition of small quantities 
of water, Rance and Zichy suggested that H 3O and OH 
ions from the decomposition of water were also present 
in the monomer. This is not unreasonable in view of the 
high saturation water content of VCM. 
Having shown that the ions H30+, Cl and OH 
were present in the monomer during polymerisation, 
Rance and Zichy calculated the adsorption potential of 
each of them. The adsorption potential arose from a 
dispersion interaction energy and an image potential 
energy. They found that the adsorption potential of 
Cl and OH was net attractive, whereas that of H30+ 
was net repulsive. This meant that the two negative 
ions would tend to be adsorbed at the PVC/VCM interface, 
whereas the H 3O ions would be repelled from it. 
Adsorption of the negative ions at the PVC particle 
surface accounts for the negative charge always found 
on the primary particles. 
In the early stages of VCM polymerisation a 
number of interacting processes are therefore occurring 
concurrently. The free radical polymerisation forms 
chains which precipitate as basic particles, with the 
basic particles themselves rapidly coagulating to 
eventually form primary particles. Meanwhile, any 
oxygen in the system is consumed via vinyl chloride 
peroxide in the formation of H 3 and Cl ions. These 
ions supplement the H 3 and OH ions already present 
in the monomer due to the normal ionisation of the 
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water saturating it. The total charge present in the 
system will therefore be almost entirely determined 
by the amount of oxygen remaining after purging. 
(Prior to polymerisation the reactor is freed from 
oxygen by evacuation followed by purging with nitrogen. 
Although the amount of oxygen remaining in the reactor 
after purging cannot be measured due to its solubility 
in the water, it seems reasonable that this should be 
sufficient to account for the charge behaviour found in 
practice, since the electrolyte concentration which must 
be postulated in the monomer droplets is as an absolute 
-6 	/ 	- rnnm i 'vi tTh ,a t a --  
According to the mechanism of Fitch 24 two fates 
are available for the growing polymer chains - they can 
either grow to the critical size at which their solubility 
is lost and precipitate as new basic particles themselves, 
or they can be captured by already existing particles. 
Similarly, the concentration of basic particles is 
increased by the precipitation of new particles and 
decread by the coagulation of existing particles with 
each other. Roughly speaking 
dN basic 
=R. - R dt 	 1 	 - R cc ag 
where Nbasic is the number of basic particles present 
is the rate of initiator breakdown 
is the rate of capture of chains by existing particles 
Rcoag is the rate of coagulation of basic particles with 
each other. 
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Throughout the polymerisation the available 
negative charge will be evenly adsorbed at the existing 
polymer/monomer interfaces, with the H30+ ions remaining 
in the dispersion medium. In the very early stages of 
polymerisation when only basic particles are present it 
is likely that there will be more particles present than 
there are negative charges. This means that the basic 
particles will be on average uncharged, which is why 
they are colloidally highly unstable. Coagulation will 
initially occur between individual basic particles, and 
then between small aggregates, to form doublets, 
triplets, etc., so that the average aggregate size will 
increase steadily with time. 
As Polymerisation proceeds the rate of formation 
of new basic particles will eventually fall to zero when 
the total capture radius of the existing particles is 
large enough to ensure that all growing chains are 
captured before they precipitate as new particles. 
This situation will arise despite the continuing 
coagulation because the collision radius of larger 
particles is proportionately much greater than that 
of small particles. 
Once the polymerisation has reached the stage 
at which no new particles are formed, further coagulation 
increases the average total charge per particle until the 
larger and therefore more highly charged particles are 
sufficiently stable that they will not coagulate with 
each other, althcugh they will still coagulate with the 
smaller, less highly charged particles. This appears 
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to be the situation reached in the micrograph showing 
the basic particles (Plate 3.6.1), where the larger 
particles may be stable to coagulation with each other 
but will still coagulate with the many smaller 
aggregates seen. 
After the largest aggregates have become 
stable to coagulation with each other, the smaller 
aggregates are accreted into them to leave the 
dispersion containing a constant number of the large 
aggregates - these are the primary particles. The 
primary particles then grow at a constant charge, 
mainly by polymerisation of the monomer with which 
they are swollen but also to a small extent by 
accretion of polymer chains from the monomer phase. 
Eventually, at the critical coagulation radius, the 
particle surface charge becomes too diffuse to confer 
stability and the primary particles coagulate to form 
the 13 or 55 particle aggregates already referred to. 
A schematic representation of the type of 
stability behaviour found in the early stages of VCM 
polymerisation is shown in Fig. 7 of the paper by 
Zichy 6 . The basic particles when first formed do not 
carry a high enough charge for stability since there 
are more particles then charges, so they coagulate. 
The coagulation increases the average charge per 
particle till this becomes sufficiently high to confer 
stability, and a stable region of the diagram is 
entered with the primary particles growing at constant 
total charge. Eventually a radius is reached at which 
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the primary particle charge is no longer large enough 
to confer stability, and another unstable region is 
entered in which the primary particles coagulate to 
form clusters, with each cluster carrying sufficient 
charge for stability. Before the process can be repeated 
with the clusters themselves becoming unstable the free 
monomer phase is consumed and a rigid particulate 
structure is formed. 
From the foregoing discussion it is apparent that 
the major factor controlling the stability behaviour of 
the different PVC particles is the total charge in the 
system. If only a small total charge was available one 
would predict that very extensive coagulation of the 
basic particles and basic particle aggregates would 
occur before each primary particle carried a sufficient 
charge for stability, so that a relatively small number 
of large primary particles would be formed. Furthermore, 
since the relatively low primary particle concentration 
would somewhat reduce the destabilising influence of the 
particle ccnccntratjorL effect, the primary particles would 
remain stable up to a correspondingly greater radius before 
coagulating to form clusters. 
Conversely, if the total charge available was high 
the coagulation of basic particles and basic particle 
aggregates would stop at a much earlier stage, so that 
a large number of small primary particles would be 
formed. The particle concentration effect would then 
exert a greater destabilising influence as the primary 
particles grew than in the situation above, so that the 
primary particles would coagulate to clusters at a much 
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smaller radius. If coagulation to 13 particle clusters 
still did not confer stability due to the very high 
primary particle number present and the correspondingly 
high concentration of 13 particle clusters formed, 
coagulation would continue and aggregates of 55 particles 
would be formed. This is the next most stable arrangement 
of touching spherical particles after the 13 particle 
cluster. 
It is clear that the two situations described 
above parallel the outcome of polymerisations at 70 
and 200C respectively. This would suggest that the 
total charge available must be higher in the 
polymerisation at the lower temperature. Since it 
is unlikely that the total oxygen content of the system 
will be affected by the polymerisation temperature, 
fewer ions must result from the same amount of oxygen 
at the higher temperature. One way in which this would 
arise would be if the HC1 formed could take part in a 
temperature dependent side reaction instead of dissociating 
to ions. From the work of Kharasch and Hannum 97 it appears 
that HC1 can react with VCM, although very slowly, to form 
an adduct, and the tentative suggestion is put forward 
that in the polymerisation at the higher temperatures a 
greater proportion of the HC1 formed is consumed in 
forming the adduct, and so is not available for 
ionisation. It is also possible that more of the HC1 
is lost by dissolution in the surrounding water in the 
polymerisation at the higher temperatures. 
There is some evidence that the internal 
structure of the basic particles is also affected by 
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the polymerisation temperature. For example, lowering 
the polymerisation temperature increases the average 
molecular weight of the PVC and also increases its 
syndiotacticity and crystallinity. 98 This was reflected 
in the results of Abdel-Aljm and Hamielec, 23 who showed 
that the PVC aggregates which were found to persist even 
on dissolving the polymer in good solvents were more 
stable when the polymer had been produced at lower 
temperatures. Since the polymer produced at lower 
temperatures is more crystalline it will separate from 
the monomer phase more readily during polymerisation. 
This will probably affect the number of polymer chains 
per basic particle and the number of basic particles 
formed because the critical local polymer concentration 
necessary for phase separation will be lowered, making 
nucleation of new particles easier but also increasing 
the probability of chain capture by existing particles. 
It would be consistent with the findings of Behrens 
et al 32 if each basic particle contained on average 
fewer chains at the lower polymerisation temperature 
because they showed that the basic particle size 
corresponding to a given conversion increased with 
polymerisation rate. 
Nevertheless, although the structure of the 
basic particles might be influenced by the 
polymerisation conditions this is unlikely to 
directly affect the processability of the PVC to any 
significant extent, because the basic particles are 
only partially broken down in processing. 28 Also, 
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according to the polymerisation mechanism proposed 
earlier the total available charge will determine the 
initial primary particle radius, concentration and 
charge, so that the number of polymer chains per 
basic particle, and even the total number of basic 
particles formed, will have no effect on the number of 
primary particles formed. 
It has of course been suggested that steric 
factors might be important in the stabilisation of the 
nascent PVC particles. None of the work described in 
this thesis can provide any evidence on the possible 
extent of any steric stabilisation during VCM 
polymerisation, all it can do is to show that the 
observed stability behaviour can be adequately accounted 
for on the basis of electrostatic stabilisation alone. 
However, it has recently been proposed 39 on the basis 
of the discussion below that steric stabilisation will 
be relatively unimportant for the VCM system. 
Steric stabilisation describes the increase in 
potnLiai energy of interaction as two colloidal particles 
with reasonably long polymer chains extending from their 
surfaces approach each other during Brownian collision. 
As the chains interact on approach the overall entropy 
is decreased, resulting in the increase in energy. The 
closer the particles approach and the greater the 
interaction between the chains the more positive the 
interaction energy becomes, causing the repulsion and 
stabilisation. However, for PVC particles produced in 
a normal polymerisation without added stabiliser the only 
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chains protruding from the surface in sicTnificant numbers 
are PVC chains, and it has been shown 39 that oligorneric 
PVC chains are only soluble in the monomer up to a 
maximum length of 10 monomer units. Consequently, any 
chains protruding from the surface can only be a 
maximum of 10 monomer units long, and as two particles 
approach and the chains interact the local polymer 
concentration will exceed the solubility limit, causing 
phase separation of the chains. This will promote 
coagulation rather than repulsion between the particles, 
so no steric stabilisation is possible. Actually, this 
effect is enhanced for the PVC/VCM system because the 
particles are so heavily swollen by monomer that they 
more resemble a gel than solid particles. The particles 
therefore do not have a definite surface, making chain 
interaction and phase separation even easier. 
The overall porosity of the industrial suspension 
PVC arriving from the reactor is controlled by two 
different factors. On the gross scale it is controlled 
by the size, monodispersity and degree of coalescence 
of the individual (roughly 100 pm diameter) polymer 
beads, and on the smaller scale it is ccitrolled by the 
internal porosity of these beads. The gross structure 
is largely controlled by the type and amount of 
suspending agent present and the degree of agitation, 35,99 
the internal bead structure up till now has been controlled 
largely via the interfacial tension at the VCN/aqueous 
phase boundary. 35  
The work of Zichy, 6 and the work described in 
this thesis, was aimed at obtaining a more rational and 
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rigorous control over the final particulate structure 
Within the individual beads by controlling the stability 
behaviour of the growing primary particles. Since most 
of the industrial effort so far appears to have been 
directed at controlling the gross polymer structure, 99 
with the internal bead structure being largely left to 
look after itself, a greater insight into this area was 
clearly desirable. 
It has been proposed that the behaviour of the 
nascent polymer particles is controlled by the total 
charge available within the suspension droplets, and 
that this charge arises from the oxygen remaining in 
the reactor after purging. As the total available 
charge is increased more primary particles should be 
formed, so that the final polymer bead should consist 
of a larger number of smaller particles. By controlling 
the available charge it should therefore be possible to 
maximise the porosity of the polymer beads. 
Since the primary particles themselves are non-
porous, 9  the most porous polymer bead possible would be 
one containing a large number of small, unaggregated 
primary particles. However, since it would be 
prohibitively expensive to include the large amounts 
of particle stabiliser necessary to achieve this 
situation in commercial polymerisations, primary particle 
aggregation to clusters will inevitably occur at some 
stage in all practical reactions. Once aggregation 
occurs the porosity falls as the spaces between particles 
become filled with polymer. To maximise the eventual 
porosity under practical conditions a compromise has 
- 
to be reached between having fewer, larger primary 
particles between which in-filling is limited but which 
themselves are non-porous, and a large number of small 
particles but with significant in-filling. The 
Optimum situation can Only be determined experimentally, 
by performing carefully controlled polymerisations on a 
large enough scale to yield sufficient polymer for porosity 
determinations. 
Despite the fact that the ideal stability 
behaviour to be aimed at is not yet apparent, from 
the work described here ways in which the internal bead 
porosity might be controlled relatively easily can be 
suggested. For example, although a significant increase 
in the amount of residual oxygen remaining after purging 
the reactor cannot be justified because of the probable 
extension of the induction period 99 and the formation of 
undesirable side products, 96 the addition of small, 
controlled amounts of oxygen prior to polymerisation 
might have beneficial effects on the bead porosity by 
slightly increasing the number of primary particles 
present, and therefore reducing their average size. The 
same effect could possibly be achieved by adding small 
amounts of HC1 gas with the monomer during charging 
of the reactor, although it is likely that most of the 
HC1 would merely dissolve in the water. To be effective 
as a charge stabiliser it seems likely that the EC1 must 
be formed in situ within the monomer droplets, for this 
reason the HC1 which Albright 99 suggests is formed by a 
hydrolysis reaction between the VCM and water will not 
affect the primary particle stability, although it would 
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account for the fall in the pH of the water during 
polymerisation. 
Although the average primary particle size 
within the polymer beads can be controlled by using 
stabilisers such as the Tetronics 85, there would be 
certain advantages, such as cost and ease of reactor 
charging, if this control could be achieved merely by 
more accurate control of the oxygen level. In addition, 
even if Tetronics were used as the principle primary 
particle stabilising agents, it would still be highly 
desirable if the initial oxygen level could be 
accurately controlled because of the effect this would 
have in achieving greater reproducibility in the internal 
bead porosity from polymerisation to polymerisation. 
As another alternative to using particle 
stabilisers of the Tetronic type, the use of small amounts 
of ionisable, monomer soluble salts, of the type described 
by Fuoss and Krauss, 100 as electrostatic stabilisers might 
also be effective in reducing the average primary particle 
size in the polymer beads. 
On the other hand, if a particular batch of polymer 
was required to contain a relatively small number of large 
primary particles, this should be achievable by reducing 
the residual oxygen level present by increasing the number 
of purging cycles with oxygen-free nitrogen. 
The mechanism described here to account for the 
development of the particle structure within the polymer 
beads is unlikely to be complete, especially with regard 
to the origin of the charges present. Many of the 
suggestions made are of necessity tentative because of 
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the lack of experimental evidence available. Nevertheless, 
it is felt that considerable progress has been made in the 
understanding of this previously little explored area. For 
example, the original conjectures of Zichy 6 on the primary 
particle stability have been shown to be reasonable, and 
the existence of the basic particles was proved 
unequivocably. Also, many of the experimental problems 
to be overcome in investigating this difficult system 
were highlighted and solved, and the work which is now 
necessary to put the mechanism on a firmer footing can 
be proposed with some confidence. 
5.3 	Suggestions for future work 
a) 	Apparatus and Techniques 
It is clear that only limited practical results 
could be obtained using the apparatus available in this 
project. it was possible to confirm that the primary 
particles were negatively charged, and to get a rough 
idea of the magnitude of this charge, but it was not 
possible to systematically vary the particle charge or 
confirm any of the speculations of Section 5.2 on the 
origin of the charge. 
From the mechanism which was suggested in Section 5.2 
to account for the origin of the primary particle charge, 
it is clear that it can only be hoped to control this 
charge if the amount of oxygen present during polymerisation 
can be accurately controlled. To investigate the proposed 
mechanism it will also be necessary to be able to introduce 
small, controlled amounts of HC1 gas into the monomer 
being polymerised, and to accurately control the 
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moisture content of the monomer. 
Probably the easiest way of achieving the 
necessary control over the 0
2 , HC1 and H 20 level in the 
test tube cell during polymerisation will be to use 
vacuum line techniques for filling the cell, since it 
should be relatively easy to attach pressure vessels 
to a vacuum line via glass/metal seals and suitable 
valve arrangements. Pure samples of HC1 and 0 could 
be stored in bulbs on the line, and VCM dried to 
controlled levels over molecular sieve in the IR 
cell could be condensed into the test tube cell through 
the line. This procedure would also allow the moisture 
content of the VCM to be measured by IR spectroscopy 
before use. 
To obtain reproducible polymerisation it will 
also be necessary to have a reproducible means of 
cleaning and preparing the test tube cell tube. Although 
its use was abandoned in this project due to the excessive 
etching on the inside of the tube, cleaning with hydro-
fluoric acid would seem to be the only way of getting a 
reproducible surface. A number of different tubes should 
be available for use, so that etching on any one tube does 
not become excessive. 
The method used for transferring concentrated 
dispersion to the electrophoresis cell for dilution and 
observation must be improved. The most promising method 
used was probably that discovered at the end of the project, 
in which the concentrated dispersion was allowed to run 
through the narrow bore pining into the chilled, empty 
electrophoresis cell, then pure monomer was condensed in 
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to dilute the transferred dispersion. This method would 
be adequate for future work if the problem of shear 
induced coagulation on transfer could be eliminated, 
and this could possibly be achieved by using special 
connecting piping and valves of as large a diameter as 
possible, to minimise the shear forces. 
Even if this transfer procedure was successful 
it would be encouraging to confirm that any coagulation 
which did occur on transfer did not cause preferential 
coagulation of the less highly charged particles. This 
could be done by transferring part of a particular 
dispersion rapidly and with coagulation, and another 
part slowly with no coagulation, and showing that the 
measured zeta potential of the two diluted dispersions 
was the same. 
Once the polymerisation reaction and method of 
transfer of the dispersion were under complete control, 
several series of experiments could be completed to 
systematically investigate the effect of different 
variables on the polymerisation. Since all of these 
experiments would either involve following identical 
polymerisations to different degrees of conversion, or 
comparing different polymerjsatjons at the same degree of 
conversion, it would be necessary to draw calibration 
graphs of percentage conversion against time of 
Polymerisation for each of the Polymerisation conditions 
to be investigated. The procedure used in Section 3.10 
would be adequate for this. 
It would also be very useful if a means of 
measuring the rimary particle concentrat±c at a 
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percentage conversion was available. Neither light 
scattering measurements nor direct particle counting 
is possible on the concentrated dispersion because too 
much light is scattered. However, the particle 
concentration could be measured by direct counting 
if the concentrated dispersion could be diluted by 
an accurately measured amount. If the electrophoresis 
cell was calibrated for volume by the attachement of a 
suitable scale, and the concentrated dispersion could be 
transferred from cell to cell without coagulation by the 
method described earlier, a known volume of concentrated 
dispersion could be transferred to the electrophoresis 
cell then diluted with a known volume of pure monomer. 
The original primary particle concentration could then 
easily be evaluated from the concentration in the diluted 
dispersion, and the counting could conveniently be 
completed before starting electrophoresis measurements 
on the diluted dispersion. 
b) 	Experimental Programs 
If the primary particles do indeed grow at 
constant charge during polymerisation their zeta 
potential should fall with increasing conversion till 
they coagulate. The first series of experiments to be 
done would therefore involve stopping identical 
polyrnerisations at different conversions and measuring 
the zeta potential and particle radius and concentration. 
This would confirm whether the zeta potential did indeed 
fall with increasing radius, and whether the primary 
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particle charge and concentration was the same for the 
different polymerisations. (The method used thus far 
to obtain the primary particle radius - spraying the 
dispersion onto microscope slides then observing with 
scanning electron microscopy - should be quite adequate 
for any future work). 
During this first series of experiments it 
should also be investigated whether or not the measured 
zeta potential depends on the temperature at which the 
electrophoresis measurements are made. Although no 
evidence for any such variation was found during the 
project this could not be fully confirmed because of 
the problems with convection in the electrophoresis 
cells, after modification of the microscope thermostat 
tank to allow fuller immersion of the cells these 
measurements should be relatively easy. 
The next series of experiments would probably 
involve stopping a number of identical polymerisations 
at the same degree of conversion, while varying the 
polvmeristic temperature. By obtaining the zeta 
potential and the particle radius, charge and 
concentration, the total charge available in the 
system could be calculated for each polymerisation 
temperature. This would hopefully confirm that more 
charge was available the lower the temperature of 
polymerisation, and that this corresponded to the 
consequent formation of more, smaller primary particles. 
If the above experiments confirmed that the 
primary particle charge did indeed behave as a function 
of polymerisation temperature and extent as predicted in 
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Section 5.2, further polymerisations would be necessary 
to confirm the origin of the particle charge. These 
would initially involve varying the oxygen level in 
otherwise identical polymerisations and stopping each 
polymerisation at the same degree of conversion. By 
measuring the total charge available in the system as 
described above, it should be confirmed that the charge 
increases with the oxygen level. Similarly, if the 
oxygen level was held constant for different polymerisations 
and the amount of HC1 gas present was varied, it should be 
found that increasing the HC1 level also increased the 
charge. 
It would then be very interesting to investigate 
the role played in the electrostatic stabilisation of the 
primary particles by the moisture inevitably present in 
the monomer. This could be achieved by measuring the 
radius, charge and concentration of the primary particles 
resulting from identical polymerisations of VCM dried to 
different extents over molecular sieve. One would 
suppose that as the monomer became drier there would 
be less tendency for the ionization of the HC1 or any 
other charge producing species, so that the total 
charge available would be reduced and the resulting 
polymer would more closely resemble that produced at 
higher polymerisation temperatures. 
Once the above investigations have been completed 
enough information should be available to perform 
polymerisations in which the primary particles produced 
have a charge which can be accurately controlled and 
varied. The effect of the particle charge on the 
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eventual polymer morphology can then be systematically 
investigated by allowing polymerisations in which the 
primary particle charge is known to continue past 
the point of aggregate formation before being stopped. 
After carefully venting off the remaining monomer the 
morphology of the polymer produced can be revealed 
by Scanning electron microscopy, using the method 
described by Zichy. 6  In this the polymer is cleaved 
at liquid nitrogen temperature then coated by evaporation 
first with carbon then with gold -palladium. The 
micrographs should clearly show the effect of particle 
charge on morphology, and allow the primary particle 
radius at which cluster formation occurred to be 
measured. 6  The experimental critical coagulation 
radius could then be accurately compared with the value 
predicted by the theoretical calculations using the 
experimental particle radius, charge and concentration. 
By refining the theoretical calculations to get the best 
possible agreement, some improvement in their predictive 
powers for other polymerisations might be possible. 
It would be very useful if a few of the 
polymerisatjons in which both the primary particle 
charge and the resulting polymer morphology had been 
accurately determined could be repeated on a slightly 
larger scale, so that enough polymer was produced to 
allow porosity measurements to be made. There would 
be obvious difficulties in trying to accurately scale 
up the polymerisation, especially from the different 
rate of heat conductjon away from the polymerisation, 
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but the rewards would be significant because the charge, 
morphology and porosity could then be directly related. 
At present it is not obvious which type of primary 
particle charge behaviour results in the optimum 
porosity, and experiments of the type described 
should resolve this problem. 
Having thoroughly investigated the variation in 
primary particle charge and polymer morphology in 
polymerisations involving only electrostatic 
stabilisation in the absence of added stabiliser, 
the effect of adding surfactants such as the Tetronics 
during polymerisation could be followed. By measuring 
their effect on particle charge by stopping polymerisations 
relatively early, and on morphology by letting polymerisations 
proceed much further, it could be inferred whether the 
stabilising action of the surfactants was mat ny steric 
or electrostatic. it would also be of interest to use 
the same technique to investigate the effect on particle 
charge and polymer morphology of small changes in the 
surfactant concentration during polymerisation. By 
experiments of this type prospective stabilisers could 
be rapidly assessed for probable effectiveness, and other 
materials which might be potential stabilisers suggested. 
C) Further Theoretical Work 
In their present form the theoretical calculations as 
represented by THICKDL have been taken as far as is 
worthwhile in predicting the behaviour of the primary 
particles. The calculations fulfilled their original 
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function in showing that the particle charges measured 
experimentally were compatible with a mechanism of 
electrostatic stabilisation for the primary particles, 
and allowed predictions to be made on the effect of 
varying different experimental parameters. Unfortunately, 
the model on which the calculations are based is too 
crude to allow highly accurate predictions of the 
critical coagulation radius corresponding to a given 
set of experimental conditions to be made. As was 
Suggested earlier, as more accurate experimental results 
become available it might be possible to refine the 
calculations based on the model of Albers and Overbeek 42 
by removing some of the assumptions inherent in the 
model. However, a more productive approach if a 
considerable amount of theoretical work was planned 
would be to incorporate the more valid model of Levine 94 
into a working calculation, and use the experimental 
results on the VCM polymerisation to test the validity 
of the Levine model. This might then provide a 
significant contributIon towards Lhe understanding of 
the particle concentration effect and the behaviour of 
very concentrated dispersions in general. 
It might be possible to predict the behaviour 
of the basic particles during coagulation to the 
primary particles by using a stepwise coagulation approach 
similar to that of CVARRAD1 (Appendix 3). Output would be 
the average basic particle size and the number of basic 
particles per primary particle as a function of the total 
charge available for different polymerisation rates. 
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Although it is suggested (Section 5.2) that the final 
polymer porosity does not depend greatly on the internal 
structure of the primary particles, some work along these 
lines would be of interest in gaining a more fundamental 
understanding of the polymerisation. 
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Appendix 1 	Program WHVRVAS 
Basically the program calculates the stability ratio 
for the interaction of two spherical, not necessarily 
identical, particles during Brownian collision. Three 
different particle charge regimes during growth can be 
considered, and four different V  expressions are used. 
WHVRVAS accepts as input the dielectric constant, 
temperature and double layer thickness in the dispersion 
medium, and the relevant Hamaker constant. It also 
requires the radius of the two particles, together with 
either their potential,surface charge density or charge, 
depending on the model assumed. The Spielman hydrodynamic 
correction can be included if necessary. The program then 
evaluates V  as a function of separation for each of 
simple Coulomb repulsion, Verwey and Overbeek's a and y 
expressions and Derjaguin's expression, it also calculates 
VA for each separation. The value of VT corresponding to 
each V  expression is then calculated for each 
separation and used in a summation to calculate the 
stability ratio by a numerical integration. When a 
predetermined maximum separation is reached the calculation 
is terminated and the stability ratio corresponding to 
each V  expression is evaluated. 
The subroutine DLVO, which was written by 
Dr. W.D. Cooper, evaluates the Verwey and Overbeek 	and y 
parameters as a function of separation. The real function 
DSPIEL, written by Dr. G.C. Peterson of Unilever Ltd., 
calculates the Spie1ian correc - ion factor as a function 
of separation. 
II U. 1141:11 HER 	liVRVA S 	LISTED OM P'?/P/FP AT 1'?. 24  .2' 
II I 	I!:OGHAM IS WHIRVA IODJ FlED TO ALT"F FOR CONSAUT 
C 	FOTE1 I AL, CONSTANT TOTAL CI!RGE OR COSTA 	SI'RFACE CPARE 
C I UISI 'I Y AS A FUNCTION CF PA1I CU. RAIfl'S 
C 	II 	VAIUATES STAPILITY RATIOS USING A SIVPL} COLTLO'I 
C RCI'IILSION EXPRESSION, USING PIlE CONSTAIT C"AR 	AND POTENTIAl. 
C 	EXi''SSIONS O 	VERY ANfl OVERREfl(, 	'P USING TPF P'JAUIN 
C FFRESSI(N FOR IIIGII KA'A VL'lFS, AND PRINTS OUT VA APP yR 
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110 	FORMAT('P',lX,'Rl =',1X,F1I.4,1X,'MFTRFS 	PS1=',IY,F1.2, 
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CALCULATION Of THE SIP RI LIII RATIO 
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DO 21 1r1,4 
VT=VA4RI(I 
IF(A1s(vT).c1.g.c') 6010 27 
101(1 )ST;F.xp (VT ) 
6010 2E 
•29 	5Uti(J)=S11II(1 )4'ror(I) 
21 CONTINUF 
kI=1I1 4 591.0 
ICOUNT =1 COUNT-si 
6010 1 
£1 	WR1 TI; (f3,l7p) 
7 FORilAT('B',1X,UN1TS. I'/ANGSTROMS' 
RI1E (6, 171) 
71 FORIAT(' ' ,BX,'VRCO,VRcp,yRcc,vRDJ/IJNITS OF VT') 
R1TE(6, 172) 
172 FORMAT(' ',8X,},GA/Dfl.'INSIOrJLFcS') 
I11TE(6,154) 
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I IIE(6,132) 
130 FORMAT(' ',IX,'J=2, CONSTANT POTENTIPtL') 
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X - 1 . I)/.D4 A'E'C 
l - (i 
11 =AE( B+pL2),x 
AL=L1:r4L2G 
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ji: i)I.OG ( ID) 
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SAhil= LS INil (Ari 
SAIJ3PS1Nil (APP) 
UAI'}=UCOSII (APR) 
x,AI113bEX P ( AMP) 
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x = 12s A I 13 
S1AEIE = US IN 1I( Xl 
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C1APJ3=1)COSh(1l) 
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30 IF(PAFS((F-FII)/FII).GT.E1'S) GOTO 20  
SA=DSINL(A 
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Appendix 2 	Program THICKDL 
This program uses the model proposed by Albers and 
Overbeek to calculate the stability ratio for the 
interaction of identical spherical particles in 
concentrated dispersions where the double layer 
thickness is of the order of the average interparticle 
separation, so that the particle concentration effect 
is important. 
The coagulation is assumed to take place within a 
suspension droplet of known volume containing a known, 
inputted, number of primary particles of the required 
radius and charge. The temperature, dielectric 
constant and Hamaker constant are also required as 
input, and the Spielman hydrodynamic correction can be 
included if necessary. 
The program first calculates the particulate volume 
fraction within the droplet, with an allowance being 
made for the shrinkage of the droplet as polymerisation 
proceeds, due to the greater density of the polymer 
compared to the monomer. It then calculates the 
remaining free liquid volume within the droplet, and 
consequently the electrolyte concentration and the 
double layer thickness. (It is assumed that the 
dispersion medium is composed of counter-ions only). 
The average interparticle separation is also calculated. 
The stability ratio is determined by the change in 
the total potential energy of the system as the two 
colliding particles approach from the average interparticle 
separation. The program therefore calculates the total 
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potential energy of the system when all the particles 
are at their equilibrium separation, and subtracts 
this energy from the total potential energy calculated 
at a series of separations of the colliding 
particles down to 0.1 nm. The resultant values of 
potential energy as a function of separation are then 
used to calculate the stability ratio by the same 
numerical integration technique as used in WHVRVAS. 
Since the required potential energy is the small 
difference between two large numbers, double 
precision must be used in the calculation. Also 
since q (Fig. 4.4.3) is zero at the equilibrium 
separation, the limit of equation (4.4.1) as q-o 
must be evaluated to allow the total potential energy 
of the system with all the particles at their 
equilibrium separation to be calculated. 
As well as calculating the stability ratio with the 
Verwey and Overbeek 6 parameter 'put equal to 1, as 
assumed by Albers and Overbeek, the program also 
calculates the stability ratio when 6 and y are 
allowed to take the value they would have in normal 
two particle interactions. Albers and Overbeek were 
not explicit about the value which should be assigned 
to 6 and y in equation (4.4.1) . It was eventually 
decided to draw the domain diagrams using the result 
of the calculations with 3 and y equal to 1, since it 
was thought this most closely described the actual 
physical system under consideration, which in some 
ways is more like an ionic lattice than a colloidal 
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dispersion. 
For comparison purposes, the stability ratio which 
would have been obtained in simple two particle 
calculations with and y equal to 1 is also 
evaluated. 
The routines DLVO and DSPIEL are the same as in 
WHVRVAS. 
FILE lLENT11'H 	THICKDI, 	LISTFD ON 07/3/0 AT 12.34.1' 
C 	ris PROGRAr CALCULATES STABILITY RATIOS FOR CONCFNTATED 
C DILPEESIONS WhERE THERE IS INTERACTION BETV'EN SEVERAL DOUBLE 
c 	i.nis. IT USES IIIE FxrflEssloN OF ALPF.RS AND OVERREEK. 
LOuHIF !'PECISION PI,'?I ,KA,T,F.PS,APM,ELEM,1 • PF1,NU,VOI,VOLFRA. 
2r ,I(AIs,hA • AP,AC.VA,Q,VRA,VRP,VRC.VRD,VRE,VF,VRG,VRH.VflI, 
VR1I)L , V RTDLX , VRI)LBX ,VRDLGX ,VTOT .STP ,ST ,SUI .RP .VT , .1.0 




JIMENSION TOT(6),UM(6),PP(6).!((3) • 1,or.() 
1593 
FOIThAT('V'.lX,'CALCULATION OF TPE STABILITY RATIO IN', 
21X, 'CONCEN'IRAREP DISPERSIONS WITH THICK rOUPLE LAYERS') 
	
2 	R1TE(6.lE) 
lIP FCNMAJ ( 'P',IX, 'DO YOU WANT TO CALCULATF ANOTHER V T=1 N=2'( 
PEAL, 1(J) 
I}(INT.EQ.2) COTO 60 
RlIF(U, 120) 
120 	ORr;AT('1',1X,'DO YOU WANT TO INCLUDE THE SPIFLMAN CORRECTION' 
2,1),' 	11 N=2') 
IJEAD, INTl 
IHIIJTI.F.Q.2) GOTO 778 
WUflF (6, 7'??) 
77 EON h AT('O',lX,'GIVE ME EP, TIlE SPIELMAN CONVERGENCE TERM') 
IJEAD,KI' 
77b 	*I1ITEft,l0l) 
I01 }R1:AT('O',lX,'GIVE ME THE PARTICL' RADIUS IN METRES') 
RFAL),IJI 
IU(e,102) 
'P2 FOh'IAl'( '0' ,IX ,'GTVE ME KT, THE DIELECTRIC CONSTANT' ,IX, 
2 'AIL THE AMAKEP CONSTANT' 
NEA[J,ET , El'S, APM 
FIS EIS'1 .1 12D-10 
ELEI1r 1 .tQ'?1hJ-19 
PlTE(6,2(''?) 
1( 7 1 0I01AT('E',IX,'G1V} ME THE TOTAL CHARGE ON EACH PARTIClE' 
2, 1 X , 'I N NIIMFFRS OF ELEMENTARY CHARGES '1 
U E AU • Q I 
Q I S ç'IF hEM 
151 Q1/(R1EPS) 
HITE(6, 104) 
14 FOR MA('0',1X,'HOW MANY STEPS DO YOU WANT BETWEEN EACH ,IX, 
2'VR ETC PRINTOUT') 




11(P51 .GT.17'. ) P51=175. 
R1TF 6 , lIP )RI ,PL1 
1W 	FORMA  ( '0' ,IX • 'RI 	• lx • Fl  .1 • 1 , 'METRES 	Psi  
2'tILLIVOLTS 	QI  
HI '1K (6,1 12)AI'T' 
112 	FORMATV ',IX,'PAtlAKFR CONSTANT 	',lX,FI1.4,lX,'JOULES') 
Whl'II(0, 114 )YT  
hA 	VO('Kt' ', 'AI R  'icI 
PSI 'PSl/1ø)O. 
WRJTE(6,125) 
125 FORT1AT('R','GIVE ME NU, THE (CONSTANT) PRIMARY PARTIClE' 
2'NUMBEII IN EACH SUSPENSION DROPLET') 
READ, NU 
VOL=5 .2361)-lO 
'- 	VOL 15 THE VOLUME OF A MONOMER DROPLET IN A SUSPE'SIPN 




C REVOL ALLOWS FOR SHRINKAGE AS POLYMERISATION PROCEEDS AEP 
C 	VOLUME FRACTION IS RECALCULATED TO ALLOW FOR THIS 




C NUMCH/FR FEVO 
x=(4.PIELFM''ELEM'C)/(EPS''KT) 
YA=DSQRT(X 
XX 1 .0/KA 
RITE (6 851) XX 
51 FORMAT( 'N',lX,'DOUBLE LAYER THICKNESS r',IX,Yl1.4,IX.'MFTRES') 
RIIE (6,1 15)VOLFRA 
115 FORMAT('R',lX,'VOL(IME FRACTION =',1X,F 0 .6) 
RA P11= (1.81"Rl )/( VOLFRA '0 .333 
WRITE(C,521)RAPI1 
521 	FORMAT('O',lX, 'RADII =',1XFi1.4 ,1X,'METRES') 
WRITE(6,116) 
116 FORMAT('0',6X,'H',4X,'VRTDL',6X,'VRTDLP',4X,'VRTDLC.', 
27X, 'VA',81 1 'BE' P 8I. 'GA',PX,'VIINORM',?X, 'V1lD',12X,'VRE',l2X.'VLlJ'' 
SMAX=RAD1I/R1 
ESTERM=1 ./SMAX 
DO 56 1=1,6 
SUM(I)=FSTERM 
56 	CONTINUE 
C 	WE FIRST CALCULATE THE POTENTIAL ENERGY OF THE PARTICLES 
C AT THEiR AVERAGE SEPARATION THEN CALCULATE HOW THIS 





Sr (R3' Ill )/R1 
I = K A ' R 3/2 . 0 
CALL DLVO(S.T,BE,GA) 
AA=2 .'R 1'R1 
ACAA+AAAB 




VHEF;FXP( -KA' (RAP! I-Q))/(Rf,DI I Q) 
VRJ=-1 I .0'UEXP(-KA'RAPI1 )/RADII 
YR J LI M= V U J 
VIiTDI.X=V11A'(V!I)+VRE-VRJ ) 
VRl)LI)X=VRA( VRt'4 (VRE'PE)_VPJ 










A F= ((2. h3 )4 lii 'iii 
ACAA AA4AB 
VA -A Pf(AA/A14 4 AA/ftC4D LOG (AB/AC))/6.Ø 
IFLA1(VA).LT.(10."(.T)) COTO 31 
I 	VA=VA- VAX 
VA=VA/KT 
VRA1)1 1- (R3III 
lF(Q. LT. 1.1-1  V 	GOT() 572 
VBC = ( lkXP( KA"Q ) - LEXP(-KA'Q) ) /0 
GOTO 5? 
; 2 
ç 73 	V 1P .3i'V fll'VflC'1Exp(i .3'KA 'RA Fl 1) 
IF(Q.1T.1.Pr-lø) GOTO 5? 
V (IF = liE XI' C - K A "(RADII Q 
Vhui=LSiiBI (VJtG 
V  1 bExP (- KA'V111 ,  
VhJc. ( VF-VR 1) /(KA':'RAIII 1''Q) 
COTO 571 
VHJ = - 1 1 . 	lEXI ( - F. 	"/RAI)I I 
	
571 	VlTDL= VRAI,̀  ( V Fi1+VREVIJ 
VUT i)LB=VhA , vi+ (vrn ) - vnJ 
VP'! I.LC=V NA* (VRr,. (Vlii":'GA ) -vRJ 
VP'! 1. l.=V H'! I , L-VP'!ILX 
V p 'f liL li= V H TV LP - V H LI. B X 
VP! LLG=VIIIILG-VRII,GX 
VI!TDI, 'VIITDT,/KT 
V 1 lLP- VAT[LP/V 1 
VP'liL= VP'! l'LG 1K'! 
V RHU'fl VPA'V R'/KT 
JF(I('OUNT..1sTV;J1 Cob 
ill 	Ill 	1 . ( ii 1 
,II/) 1,VITFL .VHTPLP VRTCTC VA PF GA VI iOPF "PP VRF 
117 	Form '!( 	, 1 X,F 8 .1,1X,F9.4.1J(,k'9.d .IX,F°. 4 ,1X.F'lI.l,IX, 
2 . 4 .lX.F.4,1x,F9.4,4X,rll.4,4x,'1144XFI14) 
14 i a 1; 1 7 :; 1 	pi-i_ -ic 
ICOU NT= o 
C 	tO ii A STEP SO THAT STEP IS SMALLEST VHFN THE TWO C'LLJP1NG C PA PT! CliS iRF CLOSVST 
906 	TI; l'o. I'H 
1Hli1-(:.5'k3)) I',1P,io 
IC 	!F01I-R3) 17,32,3? 
17 	STEI' =0. 0lTh'R3 
GOlO 11 
' 	STEI'= 0.01 'JI3 
113 	A?1 I .PP('(A 
C 	CAl rIILATION OF SlAP! 1Vl'Y RATIO 
A - "1/RI 
S!= I .DVtA2I-ISA 
!F(1I4!1.LQ.2) GOTO 50 
X1) ISPJ FL(SP,A21 ,NP) 
Colo 51 
5 
51 	ST ST 1P''X 1)'I!)/ (2. "p i' 	n) 
JF(l'ALS(VA),cT,ip.p) COTO 2 







DO 21 11,4 
VTVA+Rp( 1) 
IF(VT.GT.EP.v'! VT=Ep. 
1E(DAbS(VT).Gq.90.r) GOTO 27 
TOT ( I ) =ST'I)FXP( VT 
COTO 20 







• 	61 VPTLLX=VRqIjLX/KT 
VRL4.BX4RDLBX/KT 
V R PLC X = YR I; LG X / K T 
VA A VAX/K I 
lix =PX'' 1 . CDI H 
RITF (6 ! 62 ) VR'IPLX , yR 1LFX , VRrLGX VAX IlX,MAXH  




115 	FORMAT(' ',1X,'VHJLIt'=',IX,E11.4) 
fix =HX'1.ø[-1ø 
Vii ITE(6,500)CyCLE 
5FV 	fOflhlA'I( '0' ,IX, 'TOTAL NIJMIFI1 OF CYCLES 	'.1 X, Id) 
hITE(6,170) 
'.j?B 	FOHMAT('H',lX,'UNITS: li/ANC,STROIIS') 
R1TE(6,1'?1 
171 EORAT( ' ',BX, 'YR '1ERt'S/UNITS OF KT') 
hi TE(6, 172) 
171 	FOCIIA'l(' ',BX,'FE,GA/DIt'FNSIONLESS') 
VhITE6, 354) 
154 }OBMAT( '0 ',lX, 1=1 , ALLOVI MG FOR ALL OTHER PARTICLES AFFUMI NC 
2,1X,'BE'!A = 1') 
VR1TK(, 5 2 0 ) 
520 FOBMAT(' ',1X,1=2, ALLOWING FOR ALl. OTIUP "ARTIClES ARC' 
2.1x,'IPJL'J'Il'LyINC 11:PII FOR COI,I,IDJNc, PAPTJCl,F5 "Y PrTA  
hlTE(6,I3c 
i'o 	FORMAT( ' ', ix, 'i=. ALLOWING FOR ALL O'll}R PARTICLES, AlP' 
2,IX, 'MULTI FLYING TFPtI FOR COLLIDING PARTICLES PT CAt1MAI 
it  TE(C 3 140) 
140 	IORflAT( 	',1X,'I=4, SIlPLE TWO PRT1C.L 	lNTRVcT! ON' .1x, 
2 'I TI BETA AMP GAMM It=1 - 
i: 	FO1ltAT( 'C' ,FX, '',1IX, ! ',F), LOr,w'1 
50 22 1=1,4 
(I)=Su?'i(i )/FIJII(6) 
I,OC(I ) rPJ,OC1c'(V'(I)) 
RI'!E( - • 2c)V(J ) ,I ,LOG(! 
/ 21' 	}ORIAT(' 	, 4 X,FI1.4,5X,I1,SX,F7.4) 
22 COOl! PIlE 
GOTO 2 
Co STOP 
SUFIOUTIOI TLVO(U,T.PF,GA ) 





14.1'J-.lN49 -DO /A?+9. PQI/(A?'Al' 
F-(r-L DO) /(p4 1.1)0)44xp(_2.1)0:T) 
G=1.1'3.L4/A14.I,,'A? 
t1l (1 G.1;0/Al 4 24.I/A2 4 54.rP/(A1'A2!+54.J)0/(A2A2) 
X1 .1)0/.I)kA''EC 
E(1 .l4/.I)0+A(E'C-FP) ) 
L1= -A'E''(It4DL2)/X 
AL L I 	1.2 , :G 
GA(l. 1, 	AL )/ (I bO_A .. E':. (1. [0 + A I.) ) 
U III' ('U N 
1:0 I 
PEA  1UUCUON PSP!FL'fl(S,A21. FPS )C 
T[' 1. 1011Ll.: PUG IUION FUNCTION DSP! FL rp1CflLA TS TOP PATIO OF TOE 
C I}LA9!VF DIFFUSION COFFFICIEhITS AT !NFINITF AIP FINITE FTPARATIONS 
C LOU '110 Iii 5101 LAO F,P1lYRFS 
C 5=I(/AI hFIlF (CIN14I. TO CINTRF DISTANCE 
C 	A21-A2/Al II}.liE Al ANI A? AE THE RAPT! OF SPHF.RES.A2'SAI. 
C 	I.E. 	GUI I ELUI2( INFINITY )/012(5) - L.A .SPIFL1IAN, 
C 	J.00l,L.1NLSCI.,3S,pf ,(I?o) 
C EPS IS A CONVERGENCE PARAMETER 
IOUI)LF PRECISION S,A21,FPS.AD,P0,A,B,AMR,APP.Y51 .t52,LSI,LS2,N?,N, 
IKN,RT2,AN,bN,CN,DN,AND, BNP,CND,PND,T)LT ,SAMB,FAPP,CAPB,EAMB,?pMA 
2 LIANB , SIAT 1 U,SIAPP,clApP,S2AMP,S2APB,C2APE,S3AMP,S3APE,C3App,yl,y2 
:x,ii,y ,13,KNUD,KU1,Ku2,L!'1.L112,SA ,F,FH 
IF(S.L'I.(.1J?+A2l)) GOTO 70 
[Oil FL r  1 . Ut) 
U 1 ,1000 
70 IF(S- 1.1l1OfA2l) )4,5o,'ø 
40  
GUlP 3J 
() Al' (.:S _A l'A21 1 .1)/(?. 1's) 
A - I LOG(AP) 
11 	S:S1AI:A?1_I .p')/(2.po'n?I's) 
LI F1 - LSQPT ( PPFi' - i . DO) 
U 1) Lot; (Fit) 
0'b - A - I) 
APLA +2 
KU1 0. lit 
LEI 0.00 
LS2 i, .10 
1 .41 4 Ir(-73(Q 
US 1N14 (At- iU) 
SAPL=1 SI NI! APL) 
CAP Prl)COSII (APR) 
Alt I: IF) l( AMB 
C TIE }0lLOlNG LOOP CALCULATES Tflv TERrS OF 'TOE  SERIFF FOP KF1,K57, 
LU! AUD 5.32 
NI '0 
itt Ill_IJI 	1 
lIl4 Ni 
N2= 5k LO AT ( 
*RT2 Xl (N - . .500) A11E 









CA I 	IC OS U ( 12 ) 
SA JJ r 	NH( 13 
C3APIj=LICOSII( 13) 
I;1Al1bI)lixp(-x2) 
It1,rA=4 .UN' 52AlB:S2Alnp_( (2. fl0' Nl .DO).:.sAlp )':*2 
LNUD=EN/DLIA 
1 	2.D0'(N2-1. P 0 )52Al1B:C?pp _2.PR.:(l241 .r'5ftr"ctAp1' 2 (1124 1 .00) ( N2- .10 )'SAMR''CA PU' K MID 
I 	2.I)(N241.r))3AMBs1App4(N21r(N 
2 KNUD 
CN_(N 2-1 .1)0)'(4.fl0flAls2Al(N2 +Ir,.,.
2
.. f, JM ., 
1 	2.DR'(N241 
2 (N2+1 -DO MN243.110 )*SAMB*CAPB)*KNf1D 
I 2.DØ'(N243.1)0)4s2AM4s2APB+(N21 
2 	KNUD 





2 	(N2-I.D0)(N241 .f)CI)SAMBCApp)tICNU1 
i 	2.p0:(r243 .I,0) S 2 A1P . S2APP(N24I .P0)'(N2+3. PP 	SAMP:SAPB) 2 KIJIJI) 
ro= (N2-1 .io )" (-4 . GP'fI AMH5?AB4 (0241.00 )'2FPMA:5p 4 I 	2.LI'( 	1 .1)0 )SIA 1IRC.APP_2. DP' (11243.00 1 'S?AFIPC2A1H- 
X 1 = (N2i1. P[ ): -AN4 AOL) 	Pl- C04 ('111) ON 4P140) 
X2= (NL4 I . oo ) ' (- 0-AID • IN • BN[i-CN-CIJD +00 DJ1I 
11= (+i .DI) ) '' ( + 0 4  A JI)4 PN RN S CO CIJI4 SN + 1110) 
Y2 (0241 .1W )"( 4 AN -ANp_PN 4 BN!)+CN._CNp_I,N4 Dr'! 1 
KS1=1(S1 4X1 
KS2rK324X2 	- 
LSJ rLSI , Y1 
LS.= LS +Y 
1}IN1.  CT. I)GOTO 30 
0 IIJ=F 
COW 10 
JF (DAPS ((F_F!)/FI)). CT. Fps) CCTO2P 
1)5 1145 (A 
1SI'I LI, It I'? 	1 . Irn4 1 .1i'/A2I ) V'S A .: r/ 	no 60 CON'J'INUK 
11 1, 'IOU $1 
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Appendix 3 	Program CVARRAD1 
This program was written as a first attempt at 
predicting the stability behaviour of the primary 
particles during their growth and subsequent coagulation 
to form clusters. It employs the model of stepwise 
coagulation described by Overbeeka, and uses Overbeek's 
equation 19 to calculate the change in the population 
of an aggregate of k primary particles during any 
given time interval. (This population is increased 
by the coagulation of any two aggregates containing k 
primary particles between them, and decreased by the 
coagulation of aggregates containing k primary particles 
with any other aggregates). If the calculation is 
repeated for aggregates of all sizes from 1 up to 
some chosen maximum value, and for a sufficient 
number of time intervals from the start of coagulation, 
the size distribution of aggregates at any given time 
can be estimated. 
In CVARRAD1 the model described by Overbeek is 
expanded to include the possibility of the growth of 
individual particles or aggregates by polymerisation 
as well as coagulation. The model is also expanded 
to allow for any stability to coagulation of particles 
or aggregates arising from electrostatic stabilisation, 
by dividing each side of Overbeek's equation 19 by w. . - 
2.3 
the inclusion of this stability factor is the reason 
why Overbeek's numerical solution given in equation 26 
cannot be used. (In its present form the program 
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assumes all W = 1, it would be an easy matter toij 
attach a subroutine to calculate the requi"-ed values 
of 
1J 
By modifying Overbeek's model as described it 
had been hoped to be able to use CVARRAD1 to predict 
how the primary particle cluster structure of PVC would 
develop during polymerisation. However, It was 
subsequently discovered that in practice the primary 
particles were effectively completely stable until 
the critical coagulation radius was reached, after 
which rapid coagulation to form the clusters occurred, 
and it therefore became apparent that a much more 
effective way of representing the primary particle 
stability behaviour was in the form of domain 
diagrams, as described in Chapter 4. For this reason 
the use of CVARRAD1 was never fully developed, 
although it might now be useful, as suggested in 
Section 5.3, to apply the type of approach of 
CVARRAD1 to the prediction of the stability behaviour 
of the basic particles during primary particle 
formation. 
a Ref. 46, p.278-282. 
(Iii, 1I}lTIFIER 	CVAR}AD1 	LISTEE' ON 	'Q''/PP AT 12.32.1 
C 	lhlS IHOCHAII USES A STEP TYPE APPROACH TO FlUE TPF VR1ATIOt 
C IN IIW!iERS OF Dl FFII}TLY SIZED PARTICLFF AS COAGULA"ION 
C 	rocrs (AT THE RAPID Pp'FF) 
C IT CONTA IN S A MECHANISM SO TI'AT ONLY A FW DIMENSIONLESS 
C 	'1IM. 1USULTS ARE PR1NTJD OUT 
C IlL PROCHAr I NCLUIPS THE EFFECT OF TI!E PARTICLE RAP! I 
C 	INCREASING !TU TIFF PUP TO ADSORPTION OF POLYMER TO THE 
C PARTICLK SURFACE, 
C 	WH A IS ZERO TI!F ACCURACY OF TPF STEP CATCUI.ATIOM MAY 
C 11 CUtCKEI' P1 COr1PAPING PIII STEP A'lD FOR'ULA CALCULATIONS. 
C 	IlI 	ALLOS A'UACT TO BF VARIVI) TO (,TV' T!'F ACCURACY VVC.FFSARY. 
1lTIGEII F .1, IC, IB,J,!ZERO,JSP,I IST,IT,JX .TY.P.MIII.1CC, JCCC 
IJN.,IJ ,JJ ,I'JORITF,IJYI,JJrL: 
I:tAI 
I: • I S TTOT • F'ST UF , SNPTOT , S UPSIIFI .TO 1 M1'p • 1 NC .1 F'CP . t1TOT • 
RtC,fT0T,P,PA,T0TpRB,RI,R2,WT.VI5CflS,F9',CGTJt'F.ERACT,LJMTr'l 
l.1TiST,NITF,7,EAP,STFPS.RAPIOT,RAFNUF,RAPPOP,PTFF,FTFTOT 
5,PENI I F,PEI(TOI ,A ,DRA 
LItKNS1ON RA( 10 ) ,b(IP,1Q) ,m'( 10) • PNI'(lr) ,I NCR( 10), 
2iSNU(1),P(10),PA(10,10),fl1TE(15).FAppOp(10),p1FF(1'),pFRplF(l) 
fl1TE(6,?62) 
?t2 	} 	AT('O',lX,'RIJNNING CVARRAD1') 
' IA L, FIlCT , IIF'TEII ,K1 
PITN(6, 1IP)FRACT 
1' 	F0!I('C'.1X,'IIIlE INTERVAL =',2X,FP.',lX,'TIMES T]MF,',lY. 
'01 ;AEJLATJON 
I1 1 . t. ,I( I) I. IOTFA 
IC) 	FOINAI( 'C' ,1X, 'tAYIMITr l fl- ! =' •1X, F R . 4 .IX , 'TIMES TIMF'.lX, 
'Ok (7 OtCI!I.A'I'IOfJ ') 
lilA! 	11„li 
'Aid Ti I 	I '~ )K 
I VL 	fOUtA1( 'C ,1X,'AXIhUM PARTICLE SIZI' ='.1X.I2 
I 17 ' : A  - N'I .OEIO 
IA R1'Ji (C, 1C'3)R ,SIZ)A(' 
i': 
	
	F'OJU.A'I ( ' ',lX, 'SINGlE PAP'! IdE RADIUS = '.17 ,F11 .4 .17, 
2,X - ',1X,FL.1,1X,'ANGST9'F1S') 
Sl'!L(0,700) 
?Gi 	FOIHIAT( ' - ,2X  
P() 1 11 ,1 
PA (1) 'R''( I ''( 1. /3.)) 
N I TL(6 114 ) I ,PA (I) 
-104 	lOUF1A'I( 	,2X , 'MULTI PL  CITY = '1 Y , 12 ,X 
• 'Sl'flLh} RADIUS IN METRES =',1X'11 .1 
1 	COO Il NtII: 
10 1: 18 I = 1 , K 
L0 118 J=l,K 
(1 • 	)= I .C'' 
'1 Vb 	CO III I 'iii p 
P1 	. l419 
H IA! • A  
191 	}0IltAT(',1X,'A - THE GROWTP FACTOP FOR SURFACE ArSrRTIOpI =- 
IX J)1.4 • IX. 'METRES (I )SECOpDS( -1) 
R}:AD,VISCOS 
EITE(6, 16C)V Jscos 
lIE 	FCRMAT('E',lX F 'DJSFFRSIONMFDI TIM VISCOSITY 	',IX.F11.4,lX, 'PASCAL SLCONIS 
ARITE(6, 161 )KT 
1(1 	FORI1A'I('E', IX, 'KT rlX,El1.4,1X,'JOUl,Fc') 
R1TE(6,I05)Di 
15 FORr'AT('g',1x,'p 
- THE DIFFUSION CONSTANT ' OF "lIE', 
21X,'ir'I'I'IAL PARTICLES =',1X,Ej1.4) 
INI1E(€, 106) 
106 )ORMAT(' ',43X, 'METRES SQUARED PER SECOND') 
READ ,NUN 
I1ITEI,107)NLJ0 
107 }ORMAT( 'P',IX,'INITIAL PARTICLE NUMFrR  2'FEL CUIIC MI TRE') 
CGIIME=1/(4 
WRITE(6,81 )CGTIME 
ai 	FORMAF('c',lX,'TIMF OF COAGULATION =',1X,F11.A.1X,'SPCOt4pS'1 
B EA P , NOR IT F 
DO 745 IJNLM1 NORITE 
NLAI,RI'IE( IJKLM 
-7 4b 	CONTINUE 
C NORITE IS TPE NUMBER OF DIMENSIONLESS TIME VATUFS TO B 
C 	i RITTEN OUT 
C RITE IS AN ARRAY CONTAINING NORTIF VALUES OF PIMF1!SJrI,5 TI'' 
C 	lhi;SE ARE IIIE VALUES OF DIMENSIONLESS TIMF.TO  RE WRTTTFN OUT 
HO (1) N(JP 
LO 	IZEHO=?,K 
N U (I 2 i; HO) = 0 
CONTINUE 
INT VA 1= CDT IMF''FRA CI 
L Ill IT rCCTI IF"LIMTER 
ST1 
'710 	)'0h'1AT('E',IX,'TI' INTERVAL r'1X,EII.4,lX,'5pCONpS1 
IRITF,(E.,711 )STFPS 
711 	IORMAT( 'P' ,lX • 'NUIIBFR OF STEPS PFT.rrt' 	C” TIt 	PRTP"TOIIT = '.11, 2)11 . 1) 
I=INV Al 
RE TIIIE=T 
DO 0 ISI=I,K 
IF(!sI .NL.1 )COogg 
DNUI =0. 
DO 4 IISI'=I ,i 
2  
L:NU1=1.IUUI +INJJC 
4 	 CONTINUE 
DNU(1)=PNIJI 
C 0 TOP 
99 	ISTTOT=O. 
I CC = IS '1-i 
105 IX=1,ICC 
- 	JX=IST_Ix 
NU( JX ) 	(JX )/W (IX ,3X) 
ISTTOT FTT0T FTSUM 
CONTINUE 
10 6 IY=1.K 
SNlSUi((l/RA(T) hT 	(RA 1 ST) 	 A( 
S ! LI 0T SN LI 014 SN 1)5 tIM 
6 	C0t'1INlJE 




LO 7 h-1 ,K 
I C DItI ( 	) I N V AL 
I CII (MtI) INC 
jcp =TO UICR +IOC 
COPT I IU l 
0101=0.  
10 9 HW=1 • I( 
NUC=Nl)(MMM) • INCR(MMM) 
I(I(Mfl1)rNUC 
l : 'JU(fiIM)=NUC/NU0 
!IIJTOT = NUT0T 4 NO C 
9 	COt)'Il NLIF 
lF'i•101 rj'jOT/IflJO 
1)0 1 	IJ1,1 
Ii 1Jr 'I=N(J( JJI( )INIJTOT 
10 	co;J1 I NIJE 
0TP1?R 	.00'0 
10 21)3 1=1K 
90 203 J=1.K 
i' 	J- 1.13. 
I'A I ,J )=P(1 )p  (J )'(Il (1 )flhA (J) 
 
1'o't'IRP'I011RL 9 FA(I,J 
C0!'! I NIJL 
c'. 
10 204 IJ=1.K 
IOU 24 .13=1 ,K 
I J ,JJ ) PA (Ii ,JJ )/TOTPRB 
.l= 	.I'A(jJ,JJ)/(IJ.j ) 
104 	(:0N'rIItJE 
T=I ./bT 
1)0 6c9 IJKL=l,NOIHTE 
IF (( ITI,ST_hITF(1JKL)).LT..0(Ah 1 FSTh 1 




IIA(I )=hA(I )•iJjllA 
- 	C0I4 11)(11; 7 
49 	T't'INTVItI. 
1I('!-LlrIT.Ll.e) (1010 800 
COTO 740 
48 	t)Al''l'UT'('. 
LO 950 I=1,K - 
lAPNUM= (NUO '(TTEST"(1 - 1 ) ) )I( (1+TTFST)'( 141)) 
I) A PI'OP ( I) =RA ON UM 
RAPTOT RAPTOI+HAPNUM 
CONTINUE 
LO 1)51 J=1 ,K 
1)1)) (J)=NU(J)-RAPPOP(J) 
PiltIIF(J )=10O0.' ii FF(J/PAPF0P(J) 
951 	CONIINUL 
1)I}T0T'NUT0T RA PTOT 
PEI OT=1O."IIFT0T/RAFT 0 T 
RI1E(6,109)1IME 	 S 
3cL }ORMAI('O',lX.'REAL TIME DURATION OF COAGIILATION 
2'S}CONFS' 
RITK(6.74?)TTUT 
47 IOIMAT('O,lA,DIMENSIONLESS TIME =1YF11.4 
£RflE(Ô,701) 
jol FORMATV ',2X,' 
LO 365 I=1,K 
RITF.(6.366)1 ,RA(I) 
36( 	FORMAT( 	,2X, #MULTIPLICJTY 	,1X,12,3X, 
2'SPHLFE RAtIOS IN METRES =',1X,E11.4) 
65 CONTINUE 
R1TE(6,3E2) 
382 )ORNAT('0.1X,'MULTIPLIC1TT.2X. 	STFP',2X,P1' FORMULA' 
2,4X.INC)lEENT,2X,'NU(STEPF0RMh1L,.t TM 	1)IFFERENCF'' 
1)0 199 1=1,K 
• RITE(6,383)I,NU(T),RAPP0P(I),1N(,F 1 ) 0 mF 
383 	F0IMA1V 	,4X.I3,7X.E11.4,2X.Fi1.4.2X.E11,2X,1.4,F" 
CONTINUE 
hRI'IF(6,384 )N1)TOT 
384 FORMAT( 'Q)'.lX.'STEP TOTAL PARTICLF PlUMPER  
WRJTE(6.953)RAPTOT 
053 FORMA'IVO',lX,'FORMULA TOTAL PARTICLE NUMPER = 1 ,1X,F11.) 
I1TE(6,952)f1FT0T 
	
52 	}eItt,Ai(',1Y.PIFFItENCE1N TOT A1,S_,1XEfl
4 ) 
N1'iF.)( 1 711))PLP1OT 
• 	719 FORMAT( 0'.1X.'PERCENTAGE DIFFEPENCF IN TOTALS =',IX,F7.2) 
C '!Ii PERC 	IF r11FFENCE GIVEN IS ................ 
C 	UIU(STEP) - NU (FORMULA )/NU (FORMULA ) 
B IT K (6 385 ) DM3 TOT 
305 FORt1AT('O,1X.fl1MEMSlONLESS TOTAL PAP1'ICIY NUMPER 	'.lX.T'II • 
1 R1 TE(€,3E6')TO1NCR 
36L. EORMAT('t',1X.'SUM OF !NCREMFNTS =',1X,F.1l.4) 
tiBITE(6,387)'T 
J7 FORPAT('0',1X,T REPUCEP =,1X,E11.4) 
R ITE(6,425) 
425 	}oJtrAT( '0' ,4X, 'I ,4X, J '.6X • 'w( I ,J) '.i • 'PA( 1, J 	
RFPPCFP' 
LO 21)9 I=1,K 
10 299 3=1 ,I 
NITF(C,426)I,J,'(I,J,PA(I,J) 








This appendix Contains a copy of a letter 
published in Polymer, 1979, 20, 265 describing 
electrophoresis measurements in the quartz cell. 
hull 'illS iii'iI 
liu.b 	1­ 1%J I11151 	liii iii 	(l'V( I l,inii'd by iiiiijali.,ui in 
luiiilsit I Y I, Jill, irole titus I lieu (Vi 	If iIiISt'uiS lii tuii Isis l of 
ii 'ni,ill l'tilyl it" l 1 1.111k cs 	I he si/C it I lie lggie- 
hub 	,lisIilis'uil pat uiii's ('11.115 	u It' Is liii' 	,,uriusi(y 
i , lI 	uu.ul 	iii .iiu,l sir l.iuisvli'ibge .iui,l cmill,d iii lite 
Stays iii the 	'li'luicii/,u(o,uu .1 wliui Ii •iggleyali.uii at curs Is 
lust 	It his liii's 5uu1 1 ,sicil that (lii' ply IlleF particles, 
luu'litic 	i)',iIIrsuu, 1151:111 be slit iiiu.iIIy tliJigeil' and lieu 
It, s,,ll,siil.uI si.uliilui 	ii ills' s" , lilt's) puiuiu.ily,  piui lI les 
itiglul lie ails, liii Isy Iii' utiuguutliutle sib liii licic ulialge in a 
uuuiu (rut buy L'llu,ulaI siil'iluiy 11  We uleSsillie 
bin' an u'Ssuiuuli,iii,un If lite elu'rliislilui.iusis Ili l'Vl pliliia(y 
lt.ui (isis's thspsusuI fit ht1usiul Vt hi 
'ui,i,iulaj 
5% 	have 	uiii',ii liii il iii ii, 	Ii ',Ii,,it 'is sell iv'Iii, lii iii 
it uiltitril 	Iii )'isSShuuuS ui ,ul's,sii iii aisi; I ties ss.iry lii liiuii'ly 
Vt Il ui is iip'iuliuucs lip Is t'iOk 	Fla sill, shown ill 
Ii wiie ilCi ii,uull'S lie 
liii' lowel iulii,, Ill wit,, II 
is; is It 	l 	is'jilus ntis 
 
as isaistituecl is a u 	Iuuu,iijeal 
t.u1ullsuy tI 2 (s isui iiiliiu;i iiI.luiut'i;'p 	I he  Iut,( and l,aik 
l I.., vs as, gitsiiu,l liii iii tilts huh, a) ilislsu,(i,rn 
he li5ui lus1si ,lu,iiut, - (,'u sI,'ttu utih,, luuli,iutuuiu'iu(s ji'iisc'il two 
the Istisuti luiluu •ihs us., I. titlist Iii I' s  auu ui)i1iiI u_hiss lutue 
Ii s'l,'ilu,,il, ,iuuut1iusiiuii.111 Is I ll  felt wills a sins' JuHi Cut 
wl,u It hall tubs's sail lii' that lt,',l and lliitsiiytu which Ute 
cell tilt he till' it or elii1tl nil, 
(itiis lj1.tiuhiis 11555 I liSt) dci's li&'ii' 	.i)qsluisiiii,ilely 
S i hut 1 ) Vi hI isa' lb isiuiuisib to ul,i,uui 4'. ciauss,usl,in in 
1 1 1 01, 411,1,51 lithe sun) a suit)) Suiuslule sit this disilelsion was 
added lu .ilu,uuii I ni t  ill Vi hi In the el,'cipiu1tl,su,isjs cell. 
I lii', usshuueiu,ius 	si (tic iiuiii.il 1,111i, Is' suit.,' ulluatiohi by a (ac 
ilisitsl 11111 vx. uuers'ss.iiy (us nI's 1 lissuc s'iut.uiyls liallicle 
ui the siucs_lilipluitussis it'll Jill s'S,itiuuutiilissti Isy 
I'dill' I" VI. LJI11J1J jt . j , % j 1 ss .is ssli't'Isu';l lisillt,Jul eleclisi- 
ishiii isis aluparal is ( Rank Bills  ('aniliridge) in which (lie 
(Iowa' cell was positioned vertically in a (lid 1111,51 a( hal Ii. 
(iii alilslicahiui,i iii a pisterulial grailienul of about 16 V/mi, 
(lie ju;u(iile veliscily was (leteriuuilied by nslliiig (lie lime 
lialseit list liaitcics (a (ravel a give,. distance as indicated b 
a calibraled gralwirle in one rriicliscope eyepiece. 
The i ibser ned velucuy, P-1. , For liallicle dccl ruplioiesis 
Iii a cli ciila cross see(itin callillaly is given by: 
+ i r ,,(2(r/a) 2 - I) 
where is,. (5 (he elce(nopllo(etic velocity, ., (he eleclia, 
lusilusulle velsicHy, C (lie distance from (lie cen(re of (be cell 
(us (tie pid( al libseivaIjis, and a the Iiileriial radius of (lie 
sa 'illa ry. A plot of  Pot. Against (c/ia)  2 sliiiiild be lineal for 
els'cirsi1iliiiresrs alnisiul (lie axis of the capillary arid at (lie 
SI a( (iiilaiy levels i',,,, is equal to v, when (,/)2 is equal lc 
II 5, An lejilkal ciurreci(iifl is liecdssary liii liica(I,ig a given 
level within (lie cell lueu:aiise of ciii valise of (lie inner wall 
il (lie taiIllary. The usual ciiuec(loni for a Maltsitu (YIK 
cell 3  has ht'ei, used 4 . 
Fuvue I 	C Iei:u.i.pi,uies,, cell 
C) 	 04 	 08 
( C /a l? 
F,g,,.,e 2 "thu "'us Ic/a)' Co. PVC paelicle, diupeired in VCM 
Ressilu 
Confirmation  (i[i'eliahk electrophoresis Our first aim 
was to con him (hal reliable subserval sill of elechruipluiuu esis 
ol PVC in VCM was possible. The criieuia deiciiln,'d by van 
den Pihinne and I lernianie' (cur the successful uibse I vat iuu(1 iii 
elect ropli(Oresis have been achieved for our sysleili iusiuug th e  
quail, elec uiipliuiu mis cell. A graph of t'th, against br/a) 2 i s 
filled by a straight line as sliowii fit Figure 2, 
Particle velocity SI a fixed dcp(li in (lie cell should be 
propor(iemnal (ii Ilic applied piicniial gradient. The effective 
r,Oei,.lec( rude distance isur our cell was 9.15 cm and results 
lot drclriiphiomeiic velocity at tie stationary level fit (lie 
cell as a fiinc0isiu of applied potential are shown in l'rgree 3 
As indicated fit Figure 3. (he linear rela(icwi required by the 
crmieira of van der Minne and Ilerruanie was achieved. 
Zeta poiu'iitial of lfllnors' PVC jaar(icfrs 
The dccli ophoretic mobility, u, is the eleciruaphi orelic 
velocity (uru,le, iiiii lvilers(ial gradient and is relaled (0 (he 
Ma potential, t, for sy(eins cofil aiitiiug suiiahb pat lie Icr sun 
toiurucled by thick electrical double layers by the Ihickcl 
equa(iors': 
= I5ur 
where T( is (lie dopesisiii iiieuhiiiin lit scl)Si(y . 0 (lie  liii ,iiil 
(ivity of lice space, 8854 x 10- 12 	("i In I ansi f f 
the re l at ive Itdlnhitlivily of VCM. Al 29.1K we have taken 
(lie values of rt and e, to be 1.905 hO 4 Niis 2  5Cc and 
4.68, respectively 
We have polymerized dry VCM liii pei iiisls ranging  
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Ap1iineit iuistu'ntsol IV) 
trg,i. 3 W  PPhSIIj ei.piied (mre,,i,ni In, PVC pal t ic  les d,s1.ensql 
in VCM 
name  inhiia(iur at a Clint ent, a (ion (,f0 05(, wfs The 
l'V(' JIM  (i Icr rekiieul Iii In I'ug.ne 2 were Imom cii b y 
psuls'ilirui,a(it'll b,r 4 iruuii 	I tie ir,eauiimeul Cls'c(i,1,ll,urelis 
illusliIlI(y at 	1.2 v III It uu1 1 V I Se , 	I Isiliu'clisinds (ii a 
/u'(a tvu(entIal of 	83 iiuV 	Using a (yt'-al jimiluialy ,.it
(uric rauliiis of 1.5 x 10 7 111, Oih(aiiues) lr.uuui scanisilig 
dlei(ri,iu liuis'luisu_uipy, (lie isital 1u_ul lIck chair was 
- 6.5 s It) 1 8C of 4 I dc its' uuta( c ha r ges lie , ,ar t ic l e  
asslliiliilg (lie pal ricks (ii he stu)ui , cal ]'his (5 a SIll lace 
charge of 2.4 x 10 Sc 	2 
l'uiihitet hlis'estlgitiutiuc is) the viria(lnuri mul ecta lsuuie(m(Ial 
sucilli lite ex(u'r,I ii) I.hils'IiIdhi,;ltuuuhi ruatui(c 01 iiuiii:itusi and 
additives ale in plogress 
A t A ,eiu'ledgr'pneuns 
We (huarils SR(' and III l'Iasliss I)ivisiouu un (Ii,' ,issa,uh 
of a ('A.Slt SI riiheni shi1i (ii R hi S 
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